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ABSTRACT
DIAGNOSTICS OF ENERGY RELEASE IN SOLAR FLARES WITH
RADIO DYNAMIC IMAGING SPECTROSCOPY
by
Yingjie Luo
Studies of the magnetic energy release and conversion process lie at the core of
solar flare physics. Radio observations serve as a unique diagnostic method. In
this dissertation, taking advantage of broadband radio dynamic imaging spectroscopy
observations made by the Karl G. Jansky Very Large Array (VLA), studies are carried
out on the flare energy release processes using different types of radio emissions.
The VLA is a general-purpose radio observatory located in New Mexico,
which provides high-quality radio dynamic imaging spectroscopic observations with
an ultra-fast time cadence.

In the first study, stochastic decimetric radio spike

bursts are observed by the VLA during the extended energy release phase of an
M8.4-class eruptive flare on March 10, 2012. Such short-lived and narrow-band
spike bursts have been suggested as the signature of interactions between nonthermal
electrons and density fluctuations at the termination shock front. VLA radio dynamic
spectroscopic imaging of spikes centroids reveals an extended structure that resembles
a shape consistent with a shock surface in projection. Using extreme-ultraviolet
(EUV) imaging of the flare event from two different vantage views, combined with
flare ribbons features from hard X-ray (HXR) and ultraviolet (UV) observations,
a three-dimensional flare arcade is reconstructed. The radio spikes are located to
be present at above the flare arcade, where the diffuse supra-arcade fan structure
and plasma downflows exist. The source morphology and the reconstructed location
suggest that the observed radio spikes are produced at a solar flare termination shock
driven by fast plasma outflows impinging upon the flare arcade.

The second study focuses on flare-associated quasi-periodic pulsations (QPPs),
observed during the impulsive phase of a C1.8 flare.

QPPs with a nonthermal

nature are excellent probes for the energy release and transport processes during
flares. However, a further understanding of their nature is limited owing to the
paucity of spatially resolved observations with high temporal resolution. In this
study, such a QPP event is observed during the impulsive phase of a C1.8-class
eruptive solar flare. Radio imaging spectroscopy offered by the VLA shows three
spatially distinct radio sources with very different physical characteristics.

Two

radio sources are located near the conjugate footpoints of the erupting magnetic flux
rope with opposite senses of polarization, one of which displays a QPP behavior
with a short, ∼5-s period.

The third radio source, located at the top of the

post-flare arcade, coincides with the location of a looptop X-ray source and shares
a similar period of ∼25–45 s. It is further demonstrated that the two oppositely
polarized radio sources are likely due to coherent electron cyclotron maser (ECM)
emission from nonthermal electrons trapped near the footpoints of the erupting flux
rope. On the other hand, the looptop QPP source, observed in both radio and
X-rays, is consistent with incoherent gyrosynchrotron and bremsstrahlung emission,
respectively, from nonthermal electrons trapped in the looptop region. It is concluded
that the concurrent but spatially distinct QPP sources cannot be explained by a
single modulation mechanism but must involve multiple mechanisms which operate
in different magnetic loop systems and at different periods.
The studies carried out in the dissertation address outstanding questions of
flare energy release and the subsequent energy conversion and transport processes.
They are mainly based on observations provided by the general-purpose Jansky VLA,
which offers the capability of high-cadence, high-resolution dynamic radio imaging
spectroscopy. They are also complemented by multi-wavelength data in EUV and
X-rays obtained by space-borne solar telescopes observing from different perspectives

as well as advanced emission modeling. These case studies further demonstrate
the power of using high-cadence radio dynamic imaging spectroscopy to achieve an
improved understanding of solar flare energy release. However, owing to the nature
of these proposal-based, infrequent observations from a general-purpose telescope like
the VLA, a systematic study is not possible. Future advance on this ground calls for
the development of more powerful radio facilities dedicated to solar observing.
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channels, SDO/AIA 171 Å EUV on the left and Hinode/XRT X-ray on
the right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6

1.5

Impacts of space weather on our work and life. . . . . . . . . . . . . . .

7

1.6

Representational temporal profile of emission intensity during the solar
flare. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9

The left panel is the whole process of the flare model from Hirayama
et al. (1974) [133]. The solid lines represent the magnetic field lines.
The picture starts from the rising prominence at the pre-flare stage.
Then the magnetic reconnection occurs and the flare arcades form.
Right panel is the schematic picture of a modified version of CSHKP
model from Shibata et al. (1995) [248]. The figure shows plasma inflow
generate near the magnetic X point. The figure also indicates the energy
transport and chromospheric evaporation as arrows. The X-ray source
is believed to be associated with the plasma injection. A formation of
fast-mode shock above flare arcades is also included in the picture. .

11

1.8

An exampled Neupert effect flux profile.

. . . . . . . . . . . . . . . . .

13

1.9

Example of simultaneously observed X-ray looptop, footpoint, and aboveloop-top sources in an eruptive flare event (a). Spectral analysis results
for each of the three sources are shown in panels (b), (c), and (d),
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

14

1.10 Schematic plot of characteristic radio frequencies as a function of height
above the solar surface. The dominant emission mechanism corresponds
to the upper characteristic frequency. . . . . . . . . . . . . . . . . . .

16

1.4

1.7

xii

LIST OF FIGURES
(Continued)
Figure

Page

1.11 ”Universal Spectrum” of free-free brightness temperature in condition
106 K corona temperature and 104 K chromosphere temperature. The
dashed curve represents contribution from the corona. The spectrum
will shift along the arrow when temperature or emission measure n2e L
changes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

19

1.12 Typical brightness temperature spectrum of solar gyroresonance emission.
The spectrum shifts along the direction of the arrows when the
temperature or magnetic field B or ne (sin θ)2s−2 changes. . . . . . . .

22

1.13 ”Universal Spectrum” of gyrosynchrotron brightness temperature. The
left panel is for thermal electron distribution and right is for nonthermal
power-law distribution. The solid curve is x-mode and dashed is omode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

24

1.14 Spatially-resolved microwave spectrum along the current sheet provided
by EOVSA. The spectral analysis provide the magnetic and electron
population information. . . . . . . . . . . . . . . . . . . . . . . . . .

26

1.15 Electron beam trajectories derived from dynamic imaging spectroscopy
of type III solar radio bursts. These bursts were observed by VLA
in a solar jet. The electron beams likely emanate from magnetic
reconnection null points, marked as star symbols. . . . . . . . . . . .

29

1.16 Magnetic trap configuration with loss-cone distribution in a coronal loop.

30

2.1

Karl G. Jansky Very Large Array (VLA). . . . . . . . . . . . . . . . . .

36

2.2

The CLEAN procedure.

. . . . . . . . . . . . . . . . . . . . . . . . . .

38

3.1

Overview of the SOL2012-03-10T17:14:40L280C090 M8.4 eruptive solar
flare event. (a) Relative location of the SDO (at a low Earth orbit)
and the two STEREO satellites with regard to the flare site on 2012
March 10. (b) White-light CME observed by the SOHO/LASCO C2
coronagraph. (c) Enlarged disk view of this event from SDO/AIA 171
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images shown in inverted gray scale. (b, c) 3D reconstructed loop (thick
orange curve) that connects the footpoint sources and the VLA loop-top
radio continuum source (orange contours) in SDO and STEREO-A’s
view. Green arrows illustrate the direction of the erupting filament
(see Figure 3.6). The spike burst is shown as red contours in panel
(b). (e, f) Similar to panels (b) and (c), but instead showing the 3D
reconstructed loop (thick magenta curve) based on the SXR arcade
(magenta contours) and the HXR footpoints (blue contours) in interval
2. The LOS of an Earth-based observer passing the spike source in
STEREO-A’s view is shown as a red dashed line. The solid portion
shows the range of the possible spike source location above the apex of
the transformed SXR arcade, with its best estimate shown as the red
contours. (g) Similar to panels (a) and (d), but includes a reconstructed
post-flare arcade in SDO/AIA 193 Å and STEREO-A/EUVI 195 Å
images at about 2 hr later (cyan curve). The latter is shown in panels
(h) and (i). The size of the synthesized beam is shown in lower right
corner. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Exampled RHESSI X-ray flare-integrated spectral analysis on 2012 March
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3D view of the reconstructed loops. (a, b) Reconstructed loops in SDO’s
and STEREO-A’s viewing perspective, respectively. They are identical
to those in Figure 3.7: magenta, orange, and cyan curves are for the
SXR arcade, the GS radio arcade, and the post-flare arcade at 20:15 UT,
respectively. The X–Y plane is the plane of the sky in each perspective.
The Z-axis is the direction orthogonal to the X–Y plane, i.e., the LOS
of each viewing perspective. The blue curved surface represents the
solar surface. The projection angle φ discussed in the text is defined as
the angle between the line connecting the best estimate of the location
of spike source (red contours) and the plane of the sky in SDO’s view.
(c, d): Detailed view of the spike source with respect to the three
reconstructed loops in a face-on and edge-on projection. The gray
surface represents the plane of the newly reconnected arcade (cyan
curve). The blue shaded bottom plane is (approximately) the solar
surface, with the origin of the X-, Y-, and Z -coordinates located at the
midpoint of the radio GS arcade (orange curve) marked as “o”. The
pink surface marks the radial height of the apex of the SXR arcade. .
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3.13 Schematic illustration of observed phenomena during the extended energy
release phase of the eruptive flare event. A filament eruption induces
magnetic reconnection in a large-scale current sheet. Downwardpropagating reconnection outflows impinge on the newly reconnected
flare loops, forming a termination shock within the SAF region where
highly bent, newly reconnected magnetic field lines are formed. The
shock and the SAF are located above the radio continuum source
(orange curve), SXR arcade (magenta curve), and EUV arcade (gray
curve). The observed radio spike bursts are produced at the shock front
where nonthermal electrons interact with density fluctuations (inset on
the left; after Chen15 and Chen19). Accelerated electrons propagating
downward along the flare arcade produce the conjugate HXR footpoints
and (E)UV flare ribbons. The inset on the right shows a side view of
the lower portion of the schematic. . . . . . . . . . . . . . . . . . . .
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Overview of the SOL2016-02-18T21:13 C1.8 eruptive solar flare event.
(a) SDO/HMI line-of-sight magnetogram of the active region (grayscale
background) at 20:58 UT. The polarity inversion line is shown in red.
Blue curves show NLFFF extrapolated magnetic field lines based on
the vector magnetogram, which features a fan geometry rooted at the
central negative sunspot. (b, c) SDO/AIA 193 Å and its base-difference
image of the active region at 21:24 UT. The base-difference image (21:24
UT, post-flare vs. 21:00 UT, pre-flare) shows the twin coronal dimmings
near the conjugate footpoints of the eruption. (d)–(f) Detailed view
of the core flare site showing, respectively, the SDO/HMI line-of-sight
magnetogram, double flare ribbons as seen in SDO/AIA 1600 Å, and
bright flare arcade observed in SDO/AIA 131 Å. The field of view is
indicated as a green box in (a) and (b). An animation of the eruptive
flare as seen in SDO/AIA 193 Å is available in the original paper. . .
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CHAPTER 1
INTRODUCTION

“What is the Sun” and “What the Sun can bring to us” are the questions that went
through the entire human civilization. The history of exploring the Sun displays
our development in science, technology, and ideology. The earliest solar observations
record can date to 4000 years earlier by “Shangshu” during the Xia Dynasty. At
that age, people show their curiosity but mostly respect and fear to the Sun. Some
emperors even flaunt themselves as the symbol of the Sun. People obtain the necessary
light and heat from the Sun and treat solar eclipse as punishment at the same time.
In Renaissance, the debate on “Heliocentrism” and “Geocentric Model” promoted the
invention of the telescope. The observations of the magnificent universe free people
from outdated concepts. People surprisingly found the Sun was also not the center
of the universe, and even the solar system was an extremely tiny fraction. More and
more modern astronomical instruments are set to explore the universe, and the Sun
is one of the best laboratories and frequently constitutes the first step of the grand
plans.
Today, we have a more comprehensive understanding of the Sun. We know how
to use solar energy to reduce pollution and notice some catastrophic results from
strong solar activities. Predicting solar behaviors and dealing with them is one of the
most crucial issues of human civilization. Luckily, today we do not need to depend
on superstitious actions like a sacrifice ceremony to comfort ourselves. We are trying
to set up predictions and warnings to minimize the effect. However, we still have a
long way to go.
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Figure 1.1 The anatomy diagram of the Sun.
Source: ESA Webpage esa.int

1.1

The Sun, Solar Activity and Space Weather

As the closest star to the Earth, the Sun is ∼1.496×1011 cm (1 astronomical unit,
or AU, ∼8 light minutes) away from us on average. It is a G-type star in main
sequence with a mass of MS ≈ 1.99 × 1033 g (∼330000 ME , mass of the Earth),
radius of RS ≈ 6.96 × 1010 cm (∼109 RE , radius of the Earth), and luminosity of
LS ≈ 3.84 × 1033 erg s−1 . The Sun is intricate and can be divided into interior and
exterior parts in structure (see Figure 1.1 for an anatomy diagram).
The center part is the solar core, where the nuclear processes occur at all
times. The core can extend to about 0.25 RS [255], the temperature (∼15 MK) and
density (∼150 g cm−3 ) of the solar core is exceptionally high to generate an incredibly
enormous amount of energy (4 × 1033 erg sec−1 by estimation). The radiative zone
lies outside the core, which ranges to ∼0.7 RS . It takes a long time of ∼ 3 × 104
years for the core-generated photons to transport through the radiative zone. The
density and temperature drop in this zone, causing the radiation unable to be the
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main energy transport method at the edge. At the outer layer, or convection zone,
which fills the remaining 0.3 RS , thermal convection transfers most of the energy. A
thin layer (∼0.04 RS ) called tachocline exists between the radiative and convection
zone. Tachocline separates the uniform rotation and differential rotation. The strong
shear in tachocline is believed to be the driver of solar magnetic motion [266, 50].
The dynamic of internal structure, including the core, radiative zone, tachocline, and
convection zone, cannot be observed. Their dynamic is usually studied through the
photosphere oscillation and helioseismology methods.
The observable external Sun, so-called the solar atmosphere, consists of the
photosphere, chromosphere, and corona. The photosphere, also identified as the
“solar surface,” is the lowest component of the solar atmosphere. It has a relatively
low temperature (4000–6000 K) and high number density (∼ 1012 cm−3 ).

The

photosphere hosts several visible features, including sunspots (easily captured by
early telescopes, see Figure 1.2), granules, and supergranules. The layer immediately
above the photosphere is the chromosphere.

H-α and Ca II emissions can be

observed with filters or during solar eclipses by the naked eye. A thin transition
region exists between the chromosphere and corona, which is the upper layer of
the solar atmosphere. The atmosphere region separated by the transition region
display different properties (see a sharp jump in temperature and a drop in density
in Figure 1.3 at the transition region [101, 95]). One of the essential aspects of the
corona is its extremely high temperature, whose origin still remains elusive, leading
to the full ionization and dominant magnetic structure. A common manifestation of
magnetic-induced structure is the coronal loops (see Figure 1.4). Coronal loops are
rooted on the dense footpoints with opposite magnetic polarity. The coronal loops
are filled with hot plasma and store intense magnetic fields. The reconstruction and
reshaping of coronal loops, such as interact, shear, expand, and twist, can lead to
the release of stored magnetic energy. The corona does not have a solid boundary
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Figure 1.2 The sunspots drawing from Galileo Galilei on June 23, 1613.
Source: The Galileo Project/M. Kornmesser
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Figure 1.3 Temperature and density plot in solar atmosphere. The density keeps
decrease with height. The temperature decreases in photosphere to minimum of ∼
4,400 K and then increases. The increasing is slow at first, but experiences a jump
in the narrow transition region to near 1 MK in corona.
Source: Dr. Eugene Avrett, Smithsonian Astrophysical Observatory.

and extends directly to the interplanetary space. The solar wind, which originated
in coronal holes, and coronal mass ejections (CMEs, which are usually associated
with solar flares) can host solar coronal energetic particles which may propagate to
the Earth and near-Earth interplanetary environment, which is referred to as “space
weather.”
Solar activities are the primary source that drives the space weather. During
the period of a high level of solar activities, such as solar flares and associated
CMEs, the intense radiation and energetic particles released from these activities
can disturb or even shut down the communication, navigation, and electric power
grid (see Figure 1.5 for an illustration) [225, 38, 265]. One outstanding example
of the space weather phenomena is the geomagnetic storms [41, 115], which pose a
significant disturbance to our radio communication. Space satellites are also potential
victims [38]. Historically, the misidentification of strong solar signals nearly leads to
a military conflict [152]. Thus, studying these strong solar phenomena is extremely
important and urgent. According to the statistical studies, we already understand
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Figure 1.4 Upper panel is the schematic diagram of the coronal loops. Bottom is the
observations of the coronal loops from two different wavelength channels, SDO/AIA
171 Å EUV on the left and Hinode/XRT X-ray on the right.
Source: [240], NASA
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Figure 1.5 Impacts of space weather on our work and life.
Source: National Geographic Society

that the Sun experiences a cycle of activities for an approximately 11-year period.
The most apparent indication of the 11-year cycle is the number of sunspots. One
solar cycle begins and ends with a solar minimum with the least number of sunspots
and a low level of solar activities, while the solar maximum, usually occurs around
the middle of the solar cycle, features a higher level of solar activities. Predicting the
exact solar cycle and the activity level remains an outstanding research topic.

1.2

Solar Flares

Among all the solar activities, solar flares are the most explosive type. Today, the
concept of “flare” is generally described as an observational physical phenomenon with
enhanced emission across the whole electromagnetic spectrum in a short time scale
[31], which implies a sudden magnetic energy release induced by reconnection. The
7

first recorded flare observations were made in continuum white light. R.C. Carrington
and R. Hodgson reported the brightening, which lasted a minute on September 1, 1859
[49]. The following reports were limited to H-α emissions from the chromosphere
until the operation of the military radar in radio regimes. Solar X-ray observations
were available in the late 1950s by rockets and balloons. Peterson and Winkler [221]
reported the first HXR emissions during flares in 1958. The X-ray [39] and radio
[132] observations displayed the presence of energetic nonthermal electrons during
the flares. In 1972, heavy nuclei γ-ray emission generated by MeV-level protons was
reported by Chupp et al. (1973) [69]. By then, people had successfully observed
flare-associated phenomena in full electromagnetic wavelength bands.
Characterized by different temporal evolution and timescales at different
wavelength regimes, we generally divide the solar flares into three main phases:
preflare phase, impulsive phase, and gradual phase (Figure 1.6).

A detailed

description of the characteristics of the different flare phases can be found in review
papers such as [30, 31]. Here I offer a brief summary. In the preflare phase, initial
flare-associated activities occur in the active regions. Coronal plasma starts to heat
up, leading to initial EUV or SXR brightening. These weak emissions are the prelude
to the following phase when the primary energy release and particle acceleration
occur, referred to as the impulsive phase. The impulsive phase displays intense HXR,
γ-ray, and microwave emissions. The primary manifestation during this phase is the
bright SXR, H-α flare loops, HXR looptop sources, and various radio bursts that
originate from the flare-accelerated electrons. The HXR footpoints and H-α ribbons
(corresponding to the flash phase, included in the impulsive phase here) are detected
at the ends of the flare arcade anchored on the dense chromosphere. We caution that
phenomena associated with flare-associated nonthermal electrons, like radio bursts
and HXR footpoints, may not be observed in all events. A standard classification of
the power of solar flares is based on the SXR flux peak, which will reach its peak in the
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Figure 1.6 Representational temporal profile of emission intensity during the solar
flare.
Source: [30]

impulsive phase. According to Table 1.1, using the SXR peak flux observed by the
Geostationary Operational Environmental Satellite (GOES), flares are categorized
into five clases: X-, M-, C-, B, and A-class [103]. Large X-class flares can release a
total amount of energy up to 1032 erg. During the gradual phase, the coronal response
dominates the observed features. The observed coronal loops will appear to grow
up, which is primarily due to the initially hot loops being cooled down sequentially.
Post-flare SXR or EUV arcades are the frequently reported features, along with
possible cusp shaped flare arcades or super-arcade downflows (SADs). The gradual
phase may last several hours in certain long-duration flare events [251, 127, 153].
As more and more flare phenomena are reported, various theories are proposed
to account for the observational features. The most famous scenario for eruptive
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Table 1.1 GOES Flare Class
Flare Classification

Peak flux from GOES 1–8 Å [W/m2 ]

X

> 10−4

M

10−5 − 10−4

C

10−6 − 10−5

B

10−7 − 10−6

A

< 10−7

solar flares is perhaps the CSHKP model. This model, also known as the standard
flare model, is named after the original contributors Carmichael [48], Sturrock [256],
Hirayama [133], Kopp, and Pneuman [158], and received many updates since then.
The model suggests that the magnetic reconnection in the corona is the main
engine for driving the flare energy release. The scenario proposes that the flare
starts from a rising prominence/filament (whose nature is usually attributed to as a
twisted magnetic flux rope, see Figure 1.7 left panel for an illustration). Magnetic
reconnection occurs below the rising plasmoid/filament/flux rope. The previously
stored magnetic energy will release and transform into other types of energy. After
reconnection, the upward flux rope (rising prominence) can continue to propagate into
the upper corona and be observed as a white light CME. Although not discussed in
detail in the original model, a long, thin, and vertical current sheet is often depicted
in more recent drawings that adhere to the CSHKP model [36, 79]. The current
sheet locates above the soft X-ray flare arcades, following the erupted filament/flux
rope/prominence. The downward released energy, carried by thermal conduction,
nonthermal electrons or waves (e.g., Alfvén waves suggested by Fletcher & Hudson
(2008) [93]), propagates along the magnetic field lines from the reconnection site
to the upper chromosphere. If the speeds of plasma downflows exceed the local
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Figure 1.7 The left panel is the whole process of the flare model from Hirayama et
al. (1974) [133]. The solid lines represent the magnetic field lines. The picture starts
from the rising prominence at the pre-flare stage. Then the magnetic reconnection
occurs and the flare arcades form. Right panel is the schematic picture of a modified
version of CSHKP model from Shibata et al. (1995) [248]. The figure shows plasma
inflow generate near the magnetic X point. The figure also indicates the energy
transport and chromospheric evaporation as arrows. The X-ray source is believed to
be associated with the plasma injection. A formation of fast-mode shock above flare
arcades is also included in the picture.
Source: [133],[248]

magnetosonic speed, a fast-mode shock can form above the flare arcade [99, 96]. The
energy transport will heat the dense plasma in the chromosphere. Local pressure
will increase due to the heating, driving the hot and dense chromospheric plasma
back to the corona along the flare arcade field lines. This process, referred to as
“chromospheric evaporation”, is often attributed to the observations of the bright
EUV and X-ray flare arcade.
As discussed in Benz (2017) [31], the CSHKP model and its following
supplements are consistent with most of the frequently observed flare features, which
are briefly recapped in the following:
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• Strong shear in photospheric magnetic configuration. The standard model
suggests that the magnetic energy that powers the flare is supplied via the
non-potential field in the corona. Such a strong shear, often observed through
vector magnetic field measurements prior to major flares, favors the magnetic
energy build-up and storage for the later release.
• X-ray source geometry and spectral properties. During solar flares, X-ray
photons are produced via the bremsstrahlung radiation process when electrons
have close encounters with heavy ions; the emitted X-ray photons can range
from several keV to >Mev. Different types of X-ray sources are observed during
solar flares. The first type is the HXR footpoint sources [136]. The footpoint
sources with high energy level (≳ 150 keV) reach the chromospheric altitude
level [146]. They are reported to be spatially consistent with the concurrent H-α
kernels [227], indicating their association with flare-accelerated electrons hitting
the dense chromosphere and losing energy in the thick target [40]. In corona,
the most frequently observed X-ray emissions are the HXR (above-the-)looptop
sources (including the “Masuda source”; [191]) and SXR flare arcade, which
result from flare-accelerated electrons and heated plasma via chromospheric
evaporation, respectively (see Figure 1.9 for different X-ray sources observed
simultaneously). Also, the emission measure increases during the impulsive
phase, serving as solid support for chromospheric evaporation [181]. A close
temporal correlation between the coronal and chromospheric X-ray sources has
also been reported [83]. According to X-ray spectral analysis, when both sources
are observed, the corona hard X-ray source usually displays a softer spectrum
than its chromospheric counterpart. It has been argued that this phenomenon
is consistent with the scenario in which both the coronal and chromospheric
HXR sources are produced by the same population of flare-accelerated electrons
but emitted in the thin- and thick-target bremsstrahlung regime, respectively,
although the often observed deviation from the difference between the photon
spectral index expected from the two regimes (γthin − γthick = 2) should
involve additional processes such as trapping/scattering, return currents, or
a mixture of thin- and thick-target regimes [222, 24, 249]. In particular, the
above-the-loop-top “Masuda” HXR sources have been suggested as one of the
primary pieces of evidence that the reconnection and particle acceleration site
are located higher than the SXR flare arcade as the model depicted.
• Neupert effect [210]. The Neupert effect refers to a correlation between the
SXR flux and
time integral of the HXR flux (see Figure 1.8):
R t the cumulative
′
FSXR (t) ∝ t0 FHXR (t ) dt′ . The hard and soft X-ray emissions are mainly
generated by the flare-accelerated electrons and thermal plasma, respectively.
Neupert effect indicates a direct causal relationship between the heated plasma
and accumulated accelerated electrons, consistent with the model suggesting
that energetic electrons precipitate to the chromosphere and heat the plasma.
However, it has been cautioned that the “Neupert effect” does not always hold

12

Figure 1.8 An exampled Neupert effect flux profile.
Source: [75]

in a significant fraction of flares [279], suggesting the presence of additional
energy transport mechanisms other than nonthermal electrons.
Despite the success in explaining many observational features, the CSHKP
model remains a simplified 2D model. The actual event is much more complex
with phenomenon inconsistent with the model, for example, the circular-ribbon flares
[279] and flares without footpoint sources [280]. In addition, although the standard
flare model offers a big picture that may account for certain eruptive flares, the
depiction of the detailed physical processes remains largely elusive. Currently, more
and more upgraded instruments provide high-quality observations, which prompts
renewed examinations for the CSHKP scenario. In particular, recently, 3D simulations
have provided additional insights into the eruption-driven flare reconnection processes
[15, 14, 142, 141, 245]. Because the flares are 3D in nature, 3D simulations better
capture the flare topology and its evolution. The underlying physical processes, such
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Figure 1.9 Example of simultaneously observed X-ray looptop, footpoint, and
above-loop-top sources in an eruptive flare event (a). Spectral analysis results for
each of the three sources are shown in panels (b), (c), and (d), respectively.
Source: [26]
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as the storage and release of magnetic field energy [15], energy conversion [183, 245],
and flux rope eruption criteria [16, 306], are further investigated. Among all the
unsolved questions, the topic of flare energy release remains outstanding. In this
dissertation, I will focus on this topic by taking advantage of radio diagnostics
complemented by data from multiple other wavelengths.

1.3
1.3.1

Radio Studies of Solar Flares

Overview

Observations from multiple wavelength regimes provide different perspectives in solar
flare studies.

Radio emissions serve as a unique tool in many aspects.

Radio

diagnostics have demonstrated their power in constraining the physical properties
of the emission source, which, in turn, provides critical inputs to understand the
pertinent physical processes such as particle acceleration and transport. A variety
of radio emissions can be generated by different emission mechanisms. The emission
mechanisms can be further classified into incoherent and coherent types. Incoherent
emissions display no phase coherence. On the other hand, electrons with collective
actions generate coherent emissions. In the solar atmosphere, coherent emissions
2

1

ee
)2 ≈
are observed at the plasma frequency (or its harmonics, sνpe , νpe = ( nπm
e
√
8980 ne [Hz], ne is the electron number density, s is the harmonic number), electron

gyrofrequency, also referred as electron cyclotron frequency (or its harmonics, sνB ,
νB =

eB
2πme c

≈ 2.8 × 106 B [Hz], B is the magnetic field strength, s is the harmonic

number), or their combinations. The observing frequency and the local physical
conditions in the emission source determine the dominant emission mechanisms
(see Figure 1.10 for an illustration). In general, the ubiquitous thermal free-free
emission and absorption dominate the quiet Sun and are sometimes significant in
non-flaring active region emissions.

Gyroemission, including gyroresonance and

gyrosynchrotron for source electrons with lower and higher energies, respectively,
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Figure 1.10 Schematic plot of characteristic radio frequencies as a function of height
above the solar surface. The dominant emission mechanism corresponds to the upper
characteristic frequency.
Source: Figure 4.1 of [108]

dominate the centimeter (cm-λ) and millimeter (mm-λ) emissions. On the other
hand, bright radio bursts at the meter (m-λ) and decimeter (dm-λ) wavelengths are
more likely associated with coherent emission mechanisms [22].
Also, radio spectral analysis for coherent and incoherent emissions serves as a
powerful tool for flare studies. The frequency-dependent intensity of the emissions is
commonly expressed in flux density Sν . The unit for the flux density is Jy, in short
of Jansky (1 Jy = 1026 W m−2 Hz−1 ). Another widely-used flux density unit in solar
studies is the Solar Flux Unit (sfu, 1 sfu = 10, 000 Jy). The concept of brightness
temperature Tb is also frequently used, defined as:
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Tb (ν) =

Iν c2
,
2kB ν 2

(1.1)

where Iν is the specific intensity. In the cases of small angular size:
2kB ν 2
Iν dΩ =
Sν =
c2
Ω
Z

Z
Tb dΩ

(1.2)

Ω

When imaging, the observations may be limited by the instrumental angular
resolution, which is referred to as “beam”, a solid angle Ωbm .

For unresolved

sources, what we observe is the integrated flux density over the entire source. In
this case, the flux density spectra Sν are the most relevant. On the other hand,
for angularly resolved sources (e.g., with interferometric synthesized imaging), the
observed intensity is usually expressed in flux density per beam, which can be
converted into brightness temperature using Equation 1.2.

When such sources

are observed at densely sampled frequencies with an adequate time resolution, a
brightness temperature spectrum Tb (ν, x, y, t) can be formed from each resolution
element in the radio image (x, y) at any given time t—this is the basis of radio
dynamic imaging spectroscopy, which will be used extensively in my dissertation.
For incoherent radio emissions, the brightness temperature spectra can provide a
considerable amount of information to derive certain physical parameters of the
source. In comparison, for coherent emissions, features like polarization, frequency,
bandwidth, and timescale can be more valuable depending on the exact mechanism.
In the following, I will briefly discuss radio emission mechanisms and the
associated diagnostics relevant to this dissertation.

1.3.2

Incoherent Radio Emissions

Free-free (Bremsstrahlung) Emission In highly ionized solar corona, electrons
can be deflected in the presence of ambient ionized particles owing to the Coulomb
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force. The generated radiation is named free-free emission as both the test and
field particles are free particles.

The other name for this radiation process is

bremsstrahlung, originating from the German word “braking radiation.” Free-free
radiation can be observed in radio microwave wavelength in the case of small
deflections, in which the energy loss due to Coulomb collision is negligible.

In

comparison, bremsstrahlung in X-rays often involves a more significant energy loss.
For thermal electrons, the free-free absorption coefficient is given by Dulk (1985)
[80]:

κf f

r

2 νpe 2 4πZi2 ni e4 π
√ G(T, ν)
( )
π ν m 12 (k T ) 23 3
e
B



18.2 + ln T 23 − ln ν, T < 2 × 105 K
X
n
e
Zi2 ni ×
≈ 9.786 × 10−3
3
2

2
ν T

i
24.5 + ln T − ln ν,
T > 2 × 105 K

X 1
≈
3c
i

(1.3)

Here Zi and ni are the ion charge and number density. In solar coronal
P
conditions, we have i Zi2 ni ≈ 1.2ne . G is the “gaunt factor” or Coulomb integral,
which is associated with the Coulomb logarithm.

According to the equation,

the opacity of free-free emission, which depends on the ion density and electron
temperature, differs in different atmospheric layers. In the corona, the emission is
optically thick at low frequencies and turns optically thin when frequency increases.
As a result, the originally “obscured” chromosphere at low frequencies becomes visible
at high frequencies. In comparison, owing to the high density and low temperature,
the opacity in the chromosphere will remain thick. Using the radiative transfer
equation, the brightness temperature can be expresses as:

Tb = Tchr e−τcor + Tcor (1 − e−τcor )
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(1.4)

Figure 1.11 ”Universal Spectrum” of free-free brightness temperature in condition
106 K corona temperature and 104 K chromosphere temperature. The dashed curve
represents contribution from the corona. The spectrum will shift along the arrow
when temperature or emission measure n2e L changes.
Source: Figure 4.2 of [108]

Where Tchr and Tcor are the electron temperature of chromosphere and corona,
respectively, and τcor is the optical depth of the corona. Gary & Hurford (2004) [108]
includes a so-called “universal spectrum” (Figure 1.11) to demonstrate the shape
of the thermal bremsstrahlung spectrum and its variation under the assumption
of homogeneous sources.

When the coronal temperature T or column emission

measure n2e L changes, the spectrum will shift along the direction of the arrows while
maintaining its characteristic shape.
Due to the limitation of the dynamic range of current radio imaging facilities,
during the presence of a bright nonthermal flaring source, the free-free emission is
often difficult to observe (a next-generation radio telescope with a dynamic range
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of > 1000 : 1 should be able to “see through” the bright nonthermal source).
However, they can be readily observed in the non-flaring region or during the initial
or later phase of the flare when the strong nonthermal source is not dominating
the emission. For example, the free-free diagnostics for plasma temperature and
density have been applied in active regions, coronal loops [113, 110], and flares [109].
Free-free emission was used to provide diagnostics of the chromospheric structures
[23]. Recent studies from Rodger et al. (2018) [235] used a spectral gradient to deduce
the optical depth in the chromosphere with observations made by the Atacama Large
Millimeter/submillimeter Array (ALMA). Also, according to the different absorption
coefficients of o- and x-mode emissions, Grebinskij et al. (2000) [116] demonstrated
the spectral slope and degree of polarization can be used to derive the longitudinal
component of the magnetic field in both the chromosphere and corona.

Gyroemission In the low-β corona, compared to the Coulomb force, the electromagnetic Lorentz force is more effective in determining the dynamics of electrons. The
centripetal acceleration from the gyromotion, at the effective electron gyrofrequency
νB /γ and its harmonics (note that the Lorentz factor γ is included here for relativistic
effects), generates the gyroemission.

Gyroemission dominates the radiation at

centimeter and millimeter wavelengths (cm-λ and mm-λ). Non-relativistic electrons
generate gyroresonance emission and absorption at low harmonics of the electron
gyrofrequency. In the case of mildly relativistic energies (Lorentz factor γ ≳ 1),
gyrosynchrotron emission is generated. The gyroemission from highly relativistic
electrons (γ ≫ 1) is referred to as synchrotron emission.
In the low corona, regions with a relatively strong magnetic field region, such
as the region above major sunspots, gyroresonance is the dominant emission. Here
I refer to Dulk (1985) [80] for detailed derivations of the gyroemission absorption
coefficient. Assuming the scale length LB (θ) = B/ dB
as the line-of-sight depth, Gary
dl
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& Hurford (2004) [108] shows a simplified expression of the gyroresonance opacity at
the s-order resonance layers (s is usually smaller than 4 to be relevant):
gr
τx,o
(s, ν, θ) = 0.0133

ne LB (θ) s2 s2 sin2 θ s−1
(
) Fx,o (θ)
ν
s!
2µ

(1.5)

Here θ is the angle between the line of sight (LOS) and the magnetic field
direction (taking the acute angle, ranging in [0◦ , 90◦ ]), Fx,o (θ) is a function of angle
which can be approximated as (for low harmonics and θ away from 90◦ ):
Fx,o (θ) ≈ (1 − σcosθ)2 ,

(1.6)

where σ = ±1 for the o- and x-mode, respectively.
Figure 1.12, from Gary & Hurford (2004) [108], shows the typical brightness
temperature spectrum of gyroresonance emission. The plasma temperature (Te ) and
magnetic field (B) cause a shift in the spectrum while maintaining its general shape.
The gyroresonance spectrum is flat at lower frequencies and decreases steeply at
higher frequencies, corresponding to the optically thick and thin regime, respectively.
The precipitous drop of the brightness temperature occurs at the frequency that
corresponds to the gyrofrequency of the highest optically thick harmonics sh . The
dashed curve corresponds to a typical condition that the gyroresonance emission is
optically thick at s = 2 (sh ≥ 2) but much less optically thick at s = 3 (sh < 3).
Thus the brightness temperature drops steeply at the 2νB (sh = 2). The difference
between the solid and dashed curves could represent a common case when both the oand x-mode are observed: due to the smaller opacity of the o-mode emission than the
x-mode emission, the spectrum of the former may start to drop at a lower frequency
(sh,o = 2) than the latter (sh,x = 3).
Gyroresonance emission can be used to diagnose the plasma temperature Te ,
magnetic field B, as well as the electron number density ne . In addition, gyroresonance emission can provide varying spectral information for different emission modes
21

Figure 1.12 Typical brightness temperature spectrum of solar gyroresonance
emission. The spectrum shifts along the direction of the arrows when the temperature
or magnetic field B or ne (sin θ)2s−2 changes.
Source: Figure 4.4 of [108]
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[106, 274]. Successful modeling practice on gyroresonance diagnostic were performed
[274], while the observation frequency range and resolution somehow limited the
previous spectral studies [174, 247]. I expect the updated and next-generation radio
telescope can provide more comprehensive studies using this technique.
The gyro-emission displays a more beamed pattern as the energy increases
(tens of keV to few MeV) into the gyrosynchrotron and synchrotron regimes.
Gyrosynchrotron emission, which is more relevant to solar flares, can be generated
from energetic thermal and nonthermal electrons and have higher harmonics (s ≳ 4).
The derivations of gyrosynchrotron emissivity and absorption are more complicated.
Empirical approximation (accuracy∼20%) expression of Tef f (effective temperature,
Tef f =

⟨E⟩
,
kB

⟨E⟩ is the mean energy per particle of the emission source), κν , and νpeak

with an isotropic power-law electron population are given by Dulk (1985) [80]:

Tef f ≈ 2.2 × 109 10−0.31δ (sinθ)−0.36−0.06δ (

ν 0.50+0.085δ
)
νB

(1.7)

ν
κν B
≈ 1.4 × 10− 910−0.22δ (sinθ)−0.09−0.72δ ( )−1.30+0.98δ
ne
νB

(1.8)

νpeak ≈ 2.72 × 103 100.27δ (sinθ)0.41+0.03δ (ne L)0.32−0.03δ

(1.9)

Here δ is the single power-law distribution index, νpeak is the peak frequency of
the emission, and also the demarcation between optically thin and thick portions. A
typical gyrosynchrotron spectrum from a nonthermal power-law electron distribution
is shown in Figure 1.13 right panel. The rising and decreasing parts of the spectrum
correspond to the optically thick and thin regimes, respectively.

The thermal

gyrosynchrotron brightness temperature spectrum (Figure 1.13 left panel) is quite
different: it is flat at lower frequencies (optically thick part) and drops steeply at
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Figure 1.13 ”Universal Spectrum” of gyrosynchrotron brightness temperature. The
left panel is for thermal electron distribution and right is for nonthermal power-law
distribution. The solid curve is x-mode and dashed is o-mode.
Source: Figure 4.6 of [108]
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higher frequencies (optically thin part). We caution that the expressions in 1.7,
1.8 and 1.9 are just approximations under certain conditions. The more general
gyrosynchrotron spectrum can be calculated using the exact formulae provided by
Ramaty (1969) [228]. However, the calculation is rather slow. More recently, more
efficient fast codes for gyrosynchrotron radiation calculation have been developed [87],
which are widely applicable to various conditions. In this dissertation, we utilize the
fast codes for all the gyrosynchrotron analyses, combined with a Markov chain Monte
Carlo (MCMC) analysis method [100] to evaluate the parameter space. We caution
that, however, all the calculations we adopt here assume a homogeneous and isotropic
source. In reality, the gyrosynchrotron spectrum is affected by source inhomogeneity
[124, 260, 253, 243] and anisotropic pitch-angle distribution of the source electrons
[88, 89].
Gyrosynchrotron emission is one of the dominant emission mechanisms at
microwave wavelengths during solar flares.

Owing to the high sensitivity to

energetic electrons, gyrosynchrotron emission serves as a powerful diagnostic tool
for nonthermal electron distribution, especially when combined with complementary
X-ray diagnostics (e.g., [166, 90, 56]). In addition, gyrosynchrotron emission can
also provide unique measurements for the time-varying coronal magnetic field.
Recent studies with spatially resolved imaging spectra provided by EOVSA have
demonstrated the power of detecting energetic electrons from footpoints, looptop, and
even current sheet region (see Figure 1.14 for an example), along with the diagnosis
of the physical conditions in the source site, including the coronal magnetic field
[62, 57, 105]. Bursts at lower frequencies during microflare from VLA are also reported
in terms of gyrosynchrotron emission [244].
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Figure 1.14 Spatially-resolved microwave spectrum along the current sheet
provided by EOVSA. The spectral analysis provide the magnetic and electron
population information.
Source: [57]

1.3.3

Coherent Radio Emissions

Electrons emitting with collective actions can generate coherent radio emissions.
Unlike incoherent processes, coherent emissions are usually associated with instabilities for non-linear growth of certain wave modes and wave-wave conversions.
Such emissions can efficiently emit intense radiation in a short time, characterized
by a high brightness temperature. Coherent emissions usually dominate the solar
radio bursts observed at decimetric (dm-λ) and metric (m-λ) wavelengths, which
are believed to correspond to the primary energy release phase during solar flares.
Due to their highly nonlinear nature and complicated emission processes, it is rather
difficult to diagnose the source properties using the emission intensity. However, their
spectral-temporal properties usually contain valuable information on their underlying
physical parameters, provided that the correct emission mechanism is identified. In
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flare studies, two coherent emission mechanisms are often discussed in the literature:
plasma radiation and electron cyclotron maser (ECM) emission.

Plasma Radiation Plasma radiation is usually generated at the fundamental or
the second harmonic plasma frequency (νpe or 2νpe ). The coronal condition with
νpe /νB ≫ 1 is favorable for the plasma radiation. One typical unstable particle
distribution leading to plasma radiation is the bump-on-tail distribution, which has
a condition of ∂f /∂v|| > 0. Despite the complex nonlinear nature, the observed
plasma radiation has been suggested to involve three stages: (1) the presence
of an electron distribution with a bump-on-tail feature, (2) nonlinear growth of
Langmuir waves (longitudinal plasma oscillation waves with a dispersion relation of
ω 2 (k) = ωp2 (1+3k 2 λ2D ), where λD = vth /ωp is the Debye length), and (3) conversion to
transverse electromagnetic waves. The wave-wave interaction between the Langmuir
(L), electromagnetic (T), and ion-acoustic waves (C) can be expressed as:
L + S 7→ L′

(1.10)

L + S 7→ T

(1.11)

T + S 7→ L

(1.12)

T + S 7→ T

(1.13)

L + L′ 7→ T

(1.14)

Equation 1.10 is essential in Langmuir wave turbulence, Equations 1.11 and
1.12 are relevant to the fundamental plasma radiation at ν ≈ νpe ). In comparison,
Equation 1.14 is relevant to the second harmonic plasma radiation (ν ≈ 2νpe ) from a
coalescence between two Langmuir waves. Equation 1.13 is for the transverse waves
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scattering processes. We refer to references [111, 80, 195, 197] for detailed discussion
and derivation.
A well-studied coherent radio emission type relevant to plasma radiation is the
type III radio bursts. It is widely accepted that the solar-flare-associated type III
bursts are triggered by the flare-accelerated energetic electron beams (with speeds
∼0.1–0.5c). The electron beams generate plasma radiation during its propagation
along the magnetic field lines. Since the plasma frequency only depends on the local
√
electron density (νpe ∝ ne ), the observed frequency variation as a function of time
ν(t) can be used to derive the varying background density that the electron beam
encounters during its propagation ne (t). Variants of type III radio bursts include the
so-called type J, U, and reverse type III bursts, which are believed to be associated
with the same physical processes [10]. Furthermore, with a simultaneous imaging
capability, observations of the type III radio bursts can be used to trace the fast
electron beams as they propagate out from the acceleration region which, in turns,
serves as a powerful tool for probing energy release. An example of identifying the
magnetic reconnection null point from groups of type III bursts trajectory with VLA
is shown in Figure 1.15. In addition, plasma radiation may occur when the energetic
electrons interact with dynamic structures [236, 151, 19], like shocks or turbulence, at
or around the energy release site. For example, type II radio bursts are suggested to
originate from plasma radiation by energetic electrons accelerated by coronal shocks.
Moreover, there are several other types of coherent radio bursts with fine spectraltemporal structures, such as zebra pattern bursts and fiber bursts, which are often
believed to be due to plasma radiation. Spectral imaging of these bursts can be used
to provide model-dependent diagnostics for a variety of physical properties including
coronal magnetic field and propagation speeds of wave packages [53, 284].
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Figure 1.15 Electron beam trajectories derived from dynamic imaging spectroscopy
of type III solar radio bursts. These bursts were observed by VLA in a solar jet. The
electron beams likely emanate from magnetic reconnection null points, marked as star
symbols.
Source: [61]

Electron Cyclotron Maser (ECM) Emission The particle distribution that
generates the ECM emission often displays a positive slope perpendicular to the
magnetic field direction (∂f /∂v⊥ > 0). One typical distribution is the loss-cone
distribution developed in a magnetic mirror with converging magnetic field lines.
ECM depends on efficient wave-particle interactions. The condition for ECM growth
is ω − sνB /γ − k|| v|| = 0 when a electron with the parallel velocity v|| resonate with
the wave with frequency ω and parallel wavenumber k|| . ECM studies were firstly
performed in the context of decimetric radio bursts on Jupiter [44] and planetary
auroral kilometer radiation (AKR; [123]). In solar studies, similar magnetic traps
at the coronal loop legs are suggested to drive the maser instability (see Figure 1.16
for an illustration). ECM favors the region with a relatively strong magnetic field
and a low plasma density where νpe ≪ νB . They often emit at low harmonics of
the electron gyrofrequency (ν ≈ sνB , where s ≤ 3 [80, 289]). There have been
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Figure 1.16 Magnetic trap configuration with loss-cone distribution in a coronal
loop.
Source: [9]

studies in the literature arguing that ECM radiation at the upper-hybrid frequency
q
2 + ν 2 ) or its harmonics are also possible [287, 171, 304].
(νuh = νpe
B
Owing to the localized nature, ECM is suggested to account for some fine
radio bursts. One type of solar radio bursts often interpreted as ECM emission is
the decimetric millisecond narrow-band spike bursts (∆ν/ν ≈ 1% and ∆t < 0.1s).
Such spike bursts are inferred to arise from a very small spatial source volume and
the derived length scale is consistent with ECM assumption [119, 149, 303]. Other
examples of fine structures like zebra-pattern bursts and type IIIb bursts are also
proposed to be associated with ECM [289, 282]. If these bursts are indeed associated
with the ECM emission, their spectral properties can be used to infer the magnetic
field strength and direction, which are difficult to measure in the corona.
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1.4

Scientific Motivation and Dissertation Outline

In previous sections, I have discussed the importance of studying the explosive energy
release processes in solar flares and the often associated CMEs. Benefiting from the
upgraded telescopes, improved theoretical models, and numerical simulations, we have
an improved, but far from comprehensive, understanding of the flare energy release.
Several outstanding questions remain:

• Where and how is the magnetic energy released? It is widely accepted
that magnetic reconnection in corona is the core engine of impulsive energy
release. However, the identification of the release site and its subsequent release
processes remain unknown. The accelerated energetic electrons and generated
coherent radio emissions serve as, even if not direct, significant representatives.
• Where and how does the released magnetic energy convert efficiently into
other forms of energy, particularly those in accelerated particles? Various
particle acceleration mechanisms have been proposed, which include stochastic
acceleration, shock acceleration, and acceleration by parallel electric fields [196].
However, the primary acceleration mechanism is still unknown. Also, there
could be multiple sites of particle acceleration operating in flares. Identifying
these sites and evaluating their contribution to the overall accelerated particle
population remains an outstanding problem.
• How does the released energy transport in the highly coupled solar atmosphere?
As discussed in Section 1.2, the energy released from the reconnection site
could be transported to the chromosphere or the higher corona in multiple
ways including energetic particles, thermal conduction, and waves. They can
have access to a broad flaring region and can be modulated during the course
sometimes with quasi-periodic behavior. Nevertheless, crucial details of the
energy transport processes are still incomplete and largely qualitative.
The unique value of both the coherent and incoherent radio emissions in
diagnosing flare energy release, conversion, and transport has been long recognized.
In the following, I will briefly discuss a few outstanding examples that address these
questions with radio diagnostics.
An outstanding example for addressing question #1 (probing the energy release
site) using radio observations is bi-directional type III radio bursts. For instance,
using non-imaging dynamic spectroscopy observations of bi-directional radio type
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III bursts, Aschwanden & Benz (1997) [8] obtained the electron density around the
energy release site. By comparing it with the density derived from the SXR flare
loops, they located the primary energy release site in the low corona above the SXR
flare loops.
For question #2 (energy conversion and particle acceleration), various types of
radio emissions produced by flare-accelerated electrons provide rich diagnostics about
the particle acceleration processes. For example, Mann et al. (2006) [187] reported
quasi-stationary type II-like bursts in the radio dynamic spectra and the simultaneous
enhancement of HXR and γ-ray emissions. They suggested that the nonthermal
electrons are accelerated by a fast-mode termination shock above the flare arcade,
resulting in the observed radio, HXR, and γ-ray emissions. Karlický et al. (1996)
[149] reported decimetric spike bursts observed by the Ondřejov radiospectrograph
and showed the power spectra of spikes have a slope of −5/3. They proposed that
the electrons generating these spike bursts were accelerated by cascading MHD waves
in a turbulent environment.
One widely discussed method of studying flare energy transport (question
#3) is through nonthermal electrons.

An intriguing topic is the trapping and

scattering of the flare-accelerated electrons in the flare loops. Minoshima et al.
(2008) [200] reported joint flare observations from RHESSI HXR and Nobeyama
microwave. They found that the looptop microwave source displays a harder electron
energy distribution than that of the footpoint HXR source.

They proposed a

trap-plus-precipitation model, suggesting that the flare-accelerated electrons have
a pitch-angle distribution concentrated perpendicular to the magnetic field lines.
Oscillations during the flares, which can lead to repetitive emission features, are also
of interest in the context of energy transport. Carley et al. (2019) [47] reported a
short-period radio QPP event using data from primarily the Nançay Radioheliograph
(NRH). They found two main radio sources: one is interpreted as a source located
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near a reconnection null point and the other close to a footpoint of coronal loops
where trapped electrons emit plasma radiation. They proposed a scenario in which
the MHD sausage mode modulates the electron acceleration processes close to the null
point. The footpoint radio source, which arises due to the trapping of the accelerated
electrons, is modulated accordingly, resulting in its pulsating feature.
However, previous studies are usually limited by the unavailability of simultaneous radio imaging and high-resolution dynamic spectroscopy. For example, most
previous imaging studies have been performed at a few discrete frequencies. The
discontinuity and the sparse sampling of the observed frequency bands make it difficult
to distinguish between different emission mechanisms. In addition, the slow time
cadence significantly limits the investigation of coherent bursts, which vary at an
extremely fast timescale (seconds and subseconds). In this dissertation, I will utilize
broadband, high-resolution radio spectroscopic imaging observations with fast time
cadence to study a variety of coherent and incoherent radio bursts. I will discuss in
detail how these studies are used to probe the flare energy release, conversion, and
transport.
Chapter 2 is devoted to a brief description of the various instruments and
associated data processing methods utilized in this dissertation.

I also include

descriptions of the relevant software packages and analysis methods in Chapter 2.
Chapter 3 constitutes one of the main research projects of the dissertation.
There we investigate stochastic decimetric spike bursts during the extended energy
release phase of an M8.4 eruptive flare. The spectroscopic imaging of such spikes
displays a surface-like structure above the top of the post-flare arcade. We further
locate the radio sources in the reconstructed three-dimensional flare site. The plasma
downflows are observed at the vicinity of the source site. We suggest that the source
location and morphology are consistent with the scenario in which the stochastic
spike bursts are associated with plasma radiation from energetic electrons associated
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with a fast-mode termination shock formed above the top of the post-flare arcade, as
proposed by Chen et al. (2015) [54].
Chapter 4 reports imaging spectroscopy observations of quasi-periodic pulsations
(QPPs) during the impulsive phase of an eruptive solar flare. Imaging of the radio
sources reveals that they involve multiple source regions, which are located near the
footpoints of the erupting magnetic flux rope and at the top of the flare arcade.
The physical properties of different regions are studied through the spatially-resolved
vector dynamic spectra. Combining with NLFFF magnetic extrapolation results
and DEM-derived density profile in the coronal volume, we suggest the sources with
coherent features are due to ECM emission. In comparison, the looptop radio source
is probably due to the incoherent gyrosynchrotron radiation, which is likely associated
with energetic electrons trapped in the looptop region. The latter is also responsible
for the X-ray looptop source observed by RHESSI and Fermi/GBM. Two of the three
observed radio sources exhibit a QPP behavior with widely different periodicities and
spectral features. We argue that different drivers are responsible for modulating the
periodic patterns in these multiple source regions.
Finally, in Chapter 5, I summarize my work and provide an outlook for future
studies.
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CHAPTER 2
DATA AND METHODS

2.1

Radio Observations

Karl G. Jansky Very Large Array
The primary data source utilized in this dissertation is the upgraded Karl G.
Jansky Very Large Array (VLA) [219]. VLA is a general-purpose radio telescope array.
It is located in the Plains of San Agustin in New Mexico, a flat desert away from
cities and surrounded by mountains. This location prevents the observations from
unwanted radio frequency interference (RFI). The VLA consists of 27 active antennas,
each of which has a diameter of 25 m (Figure 2.1). It takes a scalable “Y”-shaped
configuration, ranging from 1.03 km (D configuration) to 36.40 km (A configuration).
In late 2011, the VLA completed a major upgrade [219] and was partly commissioned
for solar observing with broadband dynamic imaging spectroscopy [55, 51]. At the
time of this dissertation, VLA solar observing has enabled simultaneous imaging over
1000 frequency channels with an ultra-high time cadence of up to 10 ms for each
polarization. VLA has made successful solar observations on P (0.23-0.47 GHz), L
(1-2 GHz), S (2-4 GHz), C (4-8 GHz), X (8-12 GHz), and Ku (12-18 GHz) bands.
Sub-array practices have also been performed to extend the instantaneous bandwidth
at the sacrifice of spatial resolution and u-v coverage. Recent studies on VLA solar
flare observations, including coherent radio emissions such as type III radio bursts,
fiber bursts, spikes, and incoherent gyrosynchrotron emissions, have demonstrated it
as a powerful tool for studying energy release [55, 52, 54, 61, 58, 284, 292, 244, 27].
Calibrations are essential for processing the observed interferometric data.
Calibrations for solar data involve several extra steps in addition to the standard
calibration procedure. Following the methods described in Chen (2013) [51], we first
correct the requantizer gain as a function of time for both the calibrators and the Sun
35

Figure 2.1 Karl G. Jansky Very Large Array (VLA).
Source: National Radio Astronomy Observatory (public.nrao.edu)
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before the standard calibration processing. Then following the standard calibration
steps, the datasets in this dissertation are carefully calibrated with delay, bandpass,
gain, and absolute flux corrections against standard celestial calibrators. Problematic
channels and scans are corrected or flagged automatically by the “TFCrop” auto
flag algorithm and then manually checked. We also removed the multi-band delay
caused by the 20-dB solar attenuators.

We caution that due to the possible

inconsistency between the phase center used in the observations and those recorded in
the measurement set (which occurs in the data recorded in 2016), a correction using
the “fixplanets” task of CASA may be required.
Self-calibration is also performed to correct the remaining gain errors.

If

necessary, several rounds of self-calibration may be needed. The initial model is
created in each round after CLEAN. We then run CASA task gaincal to obtain the
self-calibration solutions. They are checked carefully before being accepted for further
rounds of self-calibration. Whenever deemed necessary, the calibration parameters
are optimized accordingly.
CASA is the primary tool in making synthesized images. In this dissertation,
all the radio images are made with the CLEAN algorithm [134] (see flow in Figure
2.2). CLEAN interpolates the empty UV gap through iterative deconvolution. The
algorithm starts from the dirty image, which is the inverse Fourier transform of the
measured visibilities. The radio sources are represented by several point sources in the
CLEAN algorithm. In each cycle, the modeled point source from the brightest feature
will be subtracted from the residual map and added to the CLEAN components. The
iteration will continue until reaching the specific stopping criterion. Finally, CLEAN
will fit a Gaussian model to the synthesized beam, referred to as the restoring beam.
The CLEAN components are then convolved with the restoring beam, which are then
added with the residuals to generate the final image. During the process, parameters,
including weighting, primary and synthesized beam, pixel size and image size, etc.,
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Figure 2.2 The CLEAN procedure.
Source: CASA Guide of VLA Imaging (casaguides.nrao.edu)

can all affect the quality of the final image. They are carefully adjusted to meet the
requirements for the specific science objectives.
The Jansky VLA enables imaging in each time-frequency pixel, generating
a time series of 3D spectral image cubes (two in spatial and one in frequency)
for each polarization product. In solar observations, the polarizations are usually
right- and left-hand-circular polarizations (RCP and LCP, respectively). We can
then investigate the spectral-temporal characteristics intrinsic to spatially separated
regions by generating the spatially-resolved “vector dynamic spectrum” from the 4.5D
image cubes, a technique first introduced by Chen et al. (2015) [54]. We suggest that
due to the enormous data size, a common method is first to generate a cross-power
or total-power dynamic spectrum to detect the radio bursts. Once detected, we will
make detailed 4.5-D image cubes to further examine the source properties using. e.g.,
the vector dynamic spectrum technique.
Data from Other Radio Instruments
Simultaneous solar radio observations from other instruments can be used to
complement the VLA observations by extending the frequency coverage of the events
of interest. In addition, they can be used for the purpose of consistency check if
they share the same observing frequency range. In this dissertation, we use data
from the Radio Solar Telescope Network (RSTN), a network of solar observatories,
in assisting the spectral analysis. The observatory in RSTN monitors the total-power
38

(i.e., spatially integrated) solar radio flux in eight frequency bands (245, 410, 610,
1415, 2695, 4995, 8800, and 15400 MHz). In particular, the 1415 MHz band is also
observed by VLA’s L band, which is used as a consistency check with the VLA
absolute flux calibration results. RSTN measurements at higher frequencies are also
used to extend the spectral coverage and provide additional information for spectral
analysis in some instances.

2.2

X-Ray Observations

Geostationary Operational Environmental Satellite
The X-Ray Irradiance Sensors (EXIS) from Geostationary Operational Environmental
Satellite Program (GOES) provide continuous measurements for the total-power solar
soft X-ray flux in two bands: 0.5–4 Å and 1–8 Å. They are used to identify the flare
class and provide the time history of the flare events of interest.
Reuven Ramaty High Energy Solar Spectroscopic Imager
The Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI; [180])
was a NASA Small Explorer Mission designed to explore the physics of particle
acceleration and explosive energy release in solar activities. It was launched in 2002
and decommissioned in 2018, experiencing 16 years of productive operations. RHESSI
provides a full-solar-disk field of view with a 2.3 arcsec angular resolution with its
finest detector. RHESSI offers imaging and spectroscopy in a wide range of X-ray
and γ-ray energies from 3 keV to 17 MeV with a spectral resolution up to 1 keV.
We perform the imaging and spectral analysis of RHESSI data mainly through
the hessi and ospex packages available in the SolarSoft IDL distribution sswidl.
The status of the detectors and attenuators are carefully checked before being used
for detailed analysis. A pileup check is also performed for every event to validate
the observed X-ray photon counts at relatively high energies. The standard routine
can be found in hsi pileup check.pro. We mainly apply the CLEAN algorithm
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provided by the hessi package to make RHESSI X-ray images in this dissertation.
The ospex package is used to carry out the spectral analysis. The fitting range and
models are carefully selected on an event-by-event basis. Background subtraction is
also performed to remove the pre- or post-flare background.
Gamma-ray Burst Monitor onboard Fermi
The Gamma-ray Burst Monitor (GBM; [194]) on board the Fermi satellite
provides total-power spectral observations of transient sources in X-rays and γ-rays
with energies between 8 keV and 40 MeV. Fermi/GBM data are mainly used to
provide temporal profiles of the X-ray flux to complement and verify RHESSI data.
X-ray spectral analysis with Fermi/GBM data is also performed using the ospex
package.

2.3

Other Complemetary Observations

Solar Dynamics Observatory
The Solar Dynamic Observatory (SDO; [220]) is a space-based solar telescope
launched in February 2010. The Atmosphere Imaging Assembly (AIA; [177]) onboard
the SDO is an array of four normal-incidence reacting telescopes designed to provide a
detailed view of the solar corona in multiple EUV bands. AIA provides simultaneous
EUV and UV full-disk solar images over at least 1.3 solar radii in ten channels at
one arcsec and 12 s of spatial and temporal resolution. Of these ten channels, we
often take the 171 Å, 131 Å, and 193 Å channels as context data for flares. AIA
131 Å is sensitive to the hot flaring plasma mainly through its sensitivity to the Fe
XX and Fe XXIII line emitted by plasma at a temperature of ∼10 MK. AIA 193 Å
has response to both the Fe XII line, emitted by plasma at ∼1 MK, and the highly
ionized Fe XXIV line, emitted by flaring plasma at a high temperature of ∼20 MK.
The observations can be used to image the typical coronal material and the super-hot
flaring material. AIA 171 Å is sensitive to a relatively cool coronal temperature of
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0.6 MK (through its response to the Fe IX line), which is used to reveal the coronal
context of the flaring region. Occasionally, we also check the other AIA channels such
as 94 Å (∼6.3 MK), 211 Å (∼2 MK), and 335 Å (∼2.5 MK) for completeness. These
AIA channels provide critical context observations for the morphology of the coronal
loops and plasma dynamics during the flares, which complement the radio and X-ray
observations. In addition, AIA 1600 Å band, which has response to the C IV line
emitted by plasma at transition region temperatures (∼0.01 MK). It is often used to
outline the flare ribbons. All the AIA data are processed using standard procedures
offered by the sswidl and aiapy [20] and displayed with sunpy [257].
The Heliospheric and Magnetic Imager (HMI, [239]) onboard SDO measures
the magnetic and flow motions at the solar photosphere. HMI provides full-disk
magnetograms with a 1-arcsec resolution. Because routine measurements of the
coronal magnetic field are not yet available, we construct the coronal magnetic field
by extrapolating from the HMI vector magnetograms. In this dissertation, nonlinear
force-free field extrapolations (NLFFF) are performed as necessary, by using the
methods described by Wiegelmann (2004) [286] and associated codes.
Solar Terrestrial Relations Observatory
The Solar Terrestrial Relations Observatory (STEREO; [145]) consists of two
separated observatories, one ahead of Earth’s orbit (STEREO-A), and another
trailing behind (STEREO-B, which lost communication since 2014).

STEREO

observations provide unique observations of solar flares from different viewing
perspectives.

The different vantage views can enable the reconstruction of the

three-dimensional geometry of, e.g., the flaring loops. The Extreme Ultra-Violet
Imager (EUVI; [290]) onboard the STEREO is a normal incidence EUV telescope
with a wide field of view out to 1.7 solar radii. EUVI provides observations in four
spectral channels (171 Å, 195 Å, 284 Å, 304 Å), covering a temperature range from
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0.05 to 20 MK. The coordinate transformation between the Earth and the STEREO
view is performed using software available in the sunpy package.
Large Angle and Spectrometric Coronagraph onboard SOHO
A white light coronagraph is a particular type of telescope that blocks the bright
solar disk emissions to reveal the much fainter solar corona in white light. The Large
Angle and Spectrometric Coronagraph (LASCO; [42]) onboard Solar and Heliospheric
Observatory (SOHO, [238]) is a set of three coronagraph telescopes that enable white
light imaging of the solar corona from 1.1 to 32 solar radii. Two telescopes (C2 and
C3) are still working during the course of the dissertation. Data from LASCO are
mainly used to find and identify CMEs in the upper corona associated with the flare
events of interest.

2.4

Analysis Tools

For analyzing the radio synthesis imaging data, I use the Common Astronomy
Software Applications (CASA; [193]) to perform calibration, self-calibration, and
imaging of the VLA data in this dissertation. CASA is designed and developed to
support the data-processing for major general-purpose radio telescopes like VLA and
ALMA. The analysis in the dissertation uses the most updated version of CASA at the
time of the respective work (6.1 for the newest work in this dissertation). Most of the
data analysis and visualization are completed using general Python packages including
numpy [275], scipy [281], matplotlib [138], and astropy [12]. In particular, the
sunpy [257] package provides core functionality and tools in processing and visualizing
solar imaging data (especially the map module). Some analysis specific to solar radio
imaging spectroscopy are performed using SunCASA (Homepage), a software package
based on CASA with additional functions developed by researchers at NJIT. Other
packages utilized in this dissertation include LMFIT [211] and Pywyt [173]. The X-ray
imaging and analysis are mainly performed in sswidl. sswidl also provides the
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environment for performing the magnetic extrapolations using the GX-simulator
[213] package and optimization routines by Wiegelmann (2004) [286].
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CHAPTER 3
RADIO SPECTRAL IMAGING OF STOCHASTIC SPIKE BURSTS:
POSSIBLE EVIDENCE OF SOLAR FLARE TERMINATION SHOCK

3.1

Introduction and Scientific Motivation

One of the core questions in the physics of the solar flares is how a large amount
of magnetic energy is converted into other forms of energy, particularly the kinetic
energy in flare-accelerated particles. Although magnetic reconnection has been widely
accepted as the mechanism for releasing the magnetic energy, the physical mechanisms
responsible for accelerating the charged particles to nonthermal energies remain
uncertain (see, e.g., reviews [199, 299]). Among others, shocks are believed to be an
important particle accelerator in many astrophysical and space plasma environments
[37, 234, 43]. Of particular interest in the context of solar flares is the solar flare
termination shock, produced by supermagnetosonic reconnection outflows impinging
on the top of the newly formed flare arcades. Theoretical studies have shown that
they could efficiently accelerate electrons and ions to high energies with a power-law
spectral shape [252, 273, 188, 285, 121, 178, 212, 216, 156, 155].
Although solar flare termination shocks have been shown to exist in analytical
calculations and numerical experiments [99, 96, 97, 242, 288, 54, 261, 262, 259, 246, 45]
and have been frequently depicted in schematics of the standard solar flare model
[191, 248, 185, 98, 179], observational evidence for these shocks remains relatively rare.
There have been only a handful of reports on possible signatures of flare termination
shocks at radio, ultraviolet, and X-ray wavelengths [191, 18, 17, 188, 285, 54, 58, 122,
223, 45, 263, 94]. Here we refer interested readers to Chen et al. (2019) [58] and
references therein for more in-depth discussions regarding observational signatures
of flare termination shocks, as well as possible reasons for the scarcity of these
observations.
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Using radio spectroscopic imaging observations obtained by the Karl G. Jansky
Very Large Array (VLA; [219]) at 1–2 GHz, Chen et al. (2015, hereafter Chen15) [54]
mapped the detailed morphology and dynamics of a termination shock in a GOESclass C1.9 eruptive flare and located it at the ending point of fast plasma outflows
above a loop-top hard X-ray (HXR) source. The radio signature of the termination
shock manifests itself in the time–frequency domain (i.e., radio “dynamic spectrum”)
as myriad decimetric stochastic spike bursts. Each spike burst is extremely short-lived
(below the instrument time resolution of 50 ms; possibly down to several milliseconds)
and has a narrow frequency bandwidth δν/ν (a few percent). Chen15 interpreted
the emission for the spikes as linear mode conversion of Langmuir waves excited by
accelerated nonthermal electrons as they interact with small-scale density fluctuations
at the shock front. Therefore, the observed centroid location of each spike burst at
a central frequency ν marks the site of the corresponding density fluctuation with a
mean density of ne ≈ ([ν/Hz]/8980)2 cm−3 . The narrow bandwidth is determined
by the amplitude level of the density fluctuation δν/ν ≈ 12 δne /ne [74, 54, 157]. The
short temporal scale is related to the small spatial scale of the density fluctuations and
the impulsive nature of the plasma radiation process. Since each density fluctuation
on the shock front may have a different mean density, the ensemble of the many
spike source centroids that sample a range of different ne values (for spike bursts
observed in 1.0–1.8 GHz owing to fundamental plasma radiation, the density range
is (1.2–4.0)×1010 cm−3 ), in turn, outlines the detailed morphology of the shock front
at any given moment. Chen15 further showed that the disruption of the shock front
coincides with the reduction of both of the nonthermal radio and HXR flux, implying
the role of the termination shock in accelerating electrons to at least tens of keV.
We note that the decimetric stochastic spike bursts reported by Chen15 may
or may not be the same phenomenon as the so-called “millisecond spike bursts” in
the literature (e.g., [250, 33, 35, 29, 107, 120, 161, 2, 149, 215, 86, 25, 71]). In fact,
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they appear to share some similarities with the fine structures of type II radio bursts
produced by propagating coronal shocks, when high-resolution dynamic spectral data
are available, see Chen et al. (2019, hereafter Chen19) [58] for detailed discussion.
In all cases, we caution that one must be very careful when attributing an observed
radio burst phenomenon with a certain appearance in the radio dynamic spectrum to
a given physical interpretation, particularly when imaging data are not available.
More recently, Chen19 studied the split-band feature of the same event reported
in Chen15 with detailed dynamic spectroscopic imaging observations. They found
that the low-frequency branch of the radio spike bursts is located slightly above its
high-frequency counterpart by ∼0.8 Mm. Such a phenomenon is consistent with
the scenario in which the split-band features are due to radio emission from the
upstream and downstream sides of the shock front, respectively. This interpretation
is in line with recent radio imaging results for split-band features observed in type II
radio bursts [302, 68, 305], yet their origin is still under debate. In this scenario, the
frequency ratio between the high- and low-frequency split-band νHF /νLF is determined
by the density compression n2 /n1 across the shock front. The shock Mach number
M is found to be up to ∼2.0, which is generally consistent with earlier predictions in
analytical calculations and numerical experiments [96, 97, 242, 262, 246].
Here we report another decimetric stochastic spike burst event recorded by the
VLA. The event was associated with a much stronger, GOES-class M8.4 eruptive flare
from NOAA active region (AR) 11429 on 2012 March 10, 7 days after the C1.9 limb
event reported in the earlier studies [52, 54, 58]. During this period, this AR rotated
from the east limb location on 2012 March 3 to the western hemisphere (N17W24),
providing a unique against-the-disk view of the AR from multiple instruments. Using
the same radio spectroscopic imaging technique, we derive the centroid location of the
spike bursts at each time and frequency. The ensemble of the burst centroids again
forms an elongated structure above the flare arcades in a diffuse supra-arcade fan
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(SAF) structure where plasma downflows are present. The same SAF and downflows,
fortuitously, were observed by the Extreme Ultra-Violet Imager (EUVI; [290]) aboard
one of the Solar Terrestrial Relations Observatory satellites (STEREO; [145]) from a
limb-view perspective. Based on 3D reconstruction of the flare arcades, we argue that
the observed location and morphology of the stochastic spike bursts are consistent
with the termination shock interpretation proposed in Chen15.

3.2
3.2.1

Observations

Event Overview

The event under study is a GOES-class M8.4 eruptive flare that occurred on 2012
March 10, located in AR 11429. The standard identification ID for this event is
SOL2012-03-10T17:14:40L280C090 following the IAU convention [176].
This AR is a highly flare-productive region, which hosted more than 10 >M-class
flares (including three X-class flares) and coronal mass ejections (CMEs) from 2012
March 2 to 17. Several studies reported the magnetic structure and evolution of this
AR, as well as their relation to the flare/CME activities [82, 67, 300]. Successive
eruptions and white-light CMEs from this AR were reported spanning almost the
entire duration when the AR was visible from Earth [52, 182, 283, 67, 76, 77], some of
which were accompanied by shock waves [186], solar energetic particle (SEP) events
[160], and high-energy gamma-ray emission [1]. This AR is also of special interest
for space-weather-related studies. In particular, the two X-class flares on 2012 March
7, accompanied by two ultra-fast (>2,000 km s−1 ) CMEs, led to one of the largest
geomagnetic storms of solar cycle 24 [218].
The M8.4-class eruptive flare event under study was observed by the Atmospheric
Imaging Assembly (AIA, [177]) aboard the Solar Dynamics Observatory (SDO, [220])
at multiple EUV bands against the disk (Figure 3.1(c)). One of the STEREO satellites
(STEREO-A) also observed this event (Figure 3.1(d)). The spacecraft was located
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Figure 3.1 Overview of the SOL2012-03-10T17:14:40L280C090 M8.4 eruptive solar
flare event. (a) Relative location of the SDO (at a low Earth orbit) and the two
STEREO satellites with regard to the flare site on 2012 March 10. (b) White-light
CME observed by the SOHO/LASCO C2 coronagraph. (c) Enlarged disk view of this
event from SDO/AIA 171 Å. The flare site is marked by a white box in panel (b).
(d) Limb view of this event from STEREO-A/EUVI 171 Å.
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at 109.5◦ west from Earth at the time of the observation (Figure 3.1(a)), and had
an almost perfect limb view of this event (Figure 3.1(d)). The two EUV imagers
combined thus provided a unique view of the flare event from two different vantage
points at the same time.
By utilizing both SDO/AIA and STEREO-A/EUVI observations, Dhakal et al.
(2018) [76] studied the 2012 March 10 M8.4 event in detail. They concluded that the
event was driven by a “compound” eruption of two filaments with a “double-decker”
configuration. In Section 3.2.3, we will discuss our 3D reconstruction of the flare
loops within the eruption context set forth in their study.
The GOES 1–8 Å soft X-ray (SXR) flux started to increase at ∼17:15 UT. The
light curve had two peaks, one at ∼17:26 UT and another at ∼17:42 UT (Figure
3.2(a); see also Dhakal et al. (2018) [76]). This flare is located at 17◦ north and 24◦
west (in heliographic longitude and latitude, respectively, or N17W24) on the solar
disk. It was associated with a fast white-light halo CME (Figure 3.1(b)) whose speed
exceeded 1200 km s−1 .
VLA observed this flare event from 17:46:18 UT to 21:46:46 UT in its C
configuration with 15 antennas. The longest baseline is 2669 m (which corresponds
to an angular resolution of ∼19′′ at 1.5 GHz). The observation was made in both
right- and left-hand circular polarizations (RCP and LCP) in the 1–2 GHz L band.
The frequency band was divided into eight independent spectral windows, each of
which had 128 1-MHz-wide spectral channels. Therefore, it provided spectroscopic
imaging at a total of 1024 independent frequency channels simultaneously with a time
cadence of 50 ms. Flux, bandpass, and delay calibration were performed against 3C48,
and antenna gain calibration was performed against J2130+0502, both of which are
standard celestial calibrator sources for VLA. Solar 20-dB attenuators are inserted
in the signal path during solar scans to reduce the antenna gain, and corresponding
corrections in phase and amplitude were made to the data [55].
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A rich variety of decimetric radio bursts were observed by the VLA during the
entire duration of its 4 hr observing, which included broadband continuum emission,
zebra-pattern bursts, fiber bursts, pulsations, and spike bursts. Figures 3.2(c) and
(d) show the VLA cross-power radio dynamic spectra (from one short baseline with
a length of 181 m) from 17:50 UT to 18:50 UT in RCP and LCP, respectively. The
stochastic spike bursts were observed at around 18:07 UT during the extended energy
release phase, ∼5 minutes after the HXR peak at 18:02 UT (green vertical bar in
Figures 3.1(a) and (b) and white box in Figure 3.1(d)). In the following subsection,
we will investigate these spike bursts in detail by utilizing radio dynamic spectroscopic
imaging, and we suggest that they are likely associated with a flare termination shock
in this event, similar to that reported in Chen15.

3.2.2

Radio Imaging Spectroscopy

Around the time of interest when the spike bursts are present (∼18:07 UT), radio
imaging in our observing frequency range shows three distinct sources (Figure 3.3(a)).
One source is located close to the east flare ribbon (Source I; blue contours). Another
source is located at the top of the flare arcades (Source II; orange contours). A
third source is located ∼70′′ away from the loop-top source toward the west (Source
III; red contours). We produced vector dynamic spectrum (method described in
Chapter 2) for each of the three radio sources, shown in Figures 3.3(b), (c), and (d),
respectively. The vector dynamic spectra for the three sources are strikingly different:
Source I displays highly polarized bright pulsating signatures with many complex fine
structures, with a peak brightness temperature (TB ) of over 1010 K. The pulsation
source is possibly due to coherent radiation by trapped energetic electrons (see, e.g.,
[47]), which may be the topic of a future study. Source II at the loop top, in contrast,
is a weakly polarized, continuum-like emission, which has a brightness temperature
that increases in frequency to about 109 K. Source III, which is the focus of the
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Figure 3.2 Radio and X-ray light curves of the SOL2012-03-10T17:14:40L280C090
M8.4 eruptive solar flare event. (a) RHESSI 30–60 keV (blue) and GOES 1.0–8.0 Å
(red) light curves. Two pink vertical lines represent the two SXR peaks at ∼17:26
UT and ∼17:42 UT, respectively. The orange shadowed area represents the two time
intervals (marked with “1” and “2,” 17:56:08–17:58:54 UT for interval 1, 18:00:35–
18:03:33 UT for interval 2) used in producing the RHESSI images shown in Figures
3.4 and 3.7. The green shaded area represents the period when the spike bursts are
present. (b) Light curves from the RSTN pre-flare background-subtracted total solar
flux at 1.415 GHz (blue), RSTN 2.695 GHz (orange), RSTN 4.995 (black), and VLA
1.40-1.43 GHz (red). (c,d) VLA radio cross-power dynamic spectra in RCP and LCP,
respectively. The VLA cross-power dynamic spectra and light curve are obtained
from a short baseline with a length of 181 m. The duration of the dynamic spectra
is indicated by the light-blue shaded region in panels (a)–(b). The spike bursts of
interest are marked by a white box in panel (d).
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Figure 3.3 VLA dynamic spectroscopic imaging of different radio sources during the
extended energy release phase of the flare. (a) Radio images for the three sources near
the time of the spike bursts shown as contours in different colors (contour levels are
70%, 80%, and 90% of the maximum brightness). Background (inverted gray-scale)
image is SDO/AIA 171 Å. (b–d) Spatially resolved vector dynamic spectra associated
with the pulsation source located near the east flare ribbon (Source I; shown in RCP),
the loop-top continuum source (Source II; shown in Stokes I ) and the stochastic spike
source (Source III; shown in LCP), respectively. White boxes in panels (b) and (c)
indicate the time and frequency range of the corresponding radio images (Sources I
and II) shown in panel (a). For Source III, the image shown is made by taking a 70 s
integration (18:06:25–18:07:35 UT) in 1.0–1.5 GHz. (e) Distributions of the centroid
locations of all the spike bursts (Source III) within each of the three selected 1-s
periods (indicated by vertical shades in panel (d)). Red to blue indicate increasing
frequencies. The field of view is the same as the red box in panel (a).
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current study, shows a large group of short-lived, narrow-bandwidth spike bursts.
The dynamic spectral features of this source closely resemble the stochastic spike
burst event reported in Chen15, who attributed them to a radio signature of emission
at myriad density fluctuations at or close to the flare termination shock front. The
spike bursts are highly polarized in LCP and have a peak TB of over 109 K.
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Figure 3.4 Imaging spectroscopy of the loop-top radio continuum source (Source II
in Figure 3.3) and gyrosynchrotron fitting results. (a) Spectral-resolved contours of
the loop-top radio continuum source at each spectral window (50% of the maximum
brightness temperature at its frequency in the loop-top area). Color from red to blue
indicates increasing frequency (see color bar on the right). The corresponding FHWM
beam sizes are shown in the lower left corner. Green contours are RHESSI 30–80
keV HXR footpoint sources (interval 1 in Figure 3.2(a), 17:56:08–17:58:54 UT) that
coincide with the double flare ribbons. (b) Radio flux density spectrum of the loop-top
radio continuum source and gyrosynchrotron fitting results. VLA measurements,
shown as red circles, are derived by summing all the fluxes within the white box in
panel (a). Blue circles are total-power data observed by RSTN at 2.695, 4.995, 8.8,
and 15.4 GHz.
Loop-top Continuum Source The rising spectrum of the loop-top continuum
source (Source II in Figure 3.3) in 1–2 GHz is consistent with the spectral
characteristics of the optically thick portion of gyrosynchrotron radiation at the same
frequency range (see, e.g., [81]). To further confirm the gyrosynchrotron nature of the
loop-top continuum source, we utilize concurrent total-power data obtained by the
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Radio Solar Telescope Network (RSTN) at eight discrete frequencies: 0.245, 0.410,
0.610, 1.415, 2.695, 4.995, 8.800, and 15.40 GHz. The RSTN fluxes for the lowest
three frequencies (below 1 GHz) reached over 1000 solar flux units (SFU) at ∼17:57,
and have very different temporal behavior from their higher-frequency counterparts.
They are likely dominated by coherent emission. Also, as VLA covers the 1.415 GHz
band, RSTN fluxes at the lowest four frequencies are excluded from the subsequent
analysis.
To enable direct comparison to the spatially resolved VLA observations of the
loop-top source, first, we subtract the post-flare background at ∼19:30 from the
observed RSTN flux at 17:57 to remove the contribution from the quiescent solar
disk and active region. Background subtraction is also performed on VLA data at
17:57 by selecting the same post-flare time as the background in the loop-top region
(white box in Figure 3.4(a)). Second, we take the assumption that the radio emission
above 2 GHz is dominated by the loop-top source. This assumption is mostly valid,
as VLA imaging reveals that the loop-top source plays a dominant role at above ∼1.4
GHz (see Figure 3.2) during the time of interest. Uncertainties of flux values derived
from VLA data are estimated by using the rms variations of a region in the image
without the presence of any source. For the uncertainty estimates for RSTN-derived
flux values, we take the rms variations of the measured total flux during a nonflaring
time.
The resulting spectrum of the loop-top source is shown in Figure 3.4(b). With
the addition of RSTN flux at higher frequencies (>2 GHz), the spectrum shows
features characteristic of nonthermal gyrosynchrotron radiation, with a positive and
negative slope at the low- and high-frequency side (due to optically thick and
thin emission, respectively) and a peak flux of ∼400 SFU. Although the combined
microwave spectrum does not allow us to accurately determine the source parameters
owing to the assumptions taken above and the lack of spatial resolution across
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the spectrum, for demonstration purposes we perform spectral fitting based on
a homogeneous source model by adopting the fast gyrosynchrotron codes [87] to
calculate the gyrosynchrotron spectrum. An example fit result and the associated
source parameters are shown in Figure 3.4(b)1 . Although the fit parameters are
subjected to the limitations noted above and are probably not unique, our analysis
demonstrates that the loop-top continuum source is most likely due to the incoherent
gyrosynchrotron emission from flare-accelerated nonthermal electrons.
Stochastic Spike Source As mentioned earlier, the vector dynamic spectral
features of Source III closely resemble the stochastic spike burst event reported in
Chen15. The group of spike bursts lasted for around 70 s from 18:06:25 to 18:07:35
UT in the frequency range of 1.0–1.6 GHz. It contains a total of over 10,000 individual
bursts within the ∼70s duration. Similar to the spike bursts reported by Chen15, the
bursts are extremely short-lived—most are unresolved by the time resolution of the
instrument 50 ms—and have a narrow bandwidth δν/ν of only a few percent.
To further study the spectral properties of the spike bursts, we adopt the same
technique described in Chen15 to perform a multi-Gaussian fit of the spectral profiles
of the spike bursts at each time integration. To reduce the noise in the spectral
domain and achieve more robust fit results, we have smoothed the spectral profiles
with a 6-MHz-wide boxcar window. Further, in order to limit our fitting to sufficiently
bright spike bursts, we have also applied a brightness threshold of TBmin = 0.7 × 108 K,
set as about 4 times of the rms variations of a region in the image without any source.
The fitting range of the spike bandwidth (represented by the FWHM of the Gaussian
profiles) is limited to 6–100 MHz. Typical examples of the fit results for three selected
times are shown in Figure 3.5(a). From the multi-Gaussian fitting results we obtain a
1 Source

parameters listed in Figure 3.4(b) are magnetic field strength B, power-law index
of the electron density distribution, total nonthermal electron number density nnth , lowand high-energy cutoff of the power-law nonthermal electron distribution Elow and Ehigh ,
and column depth D.
δ′
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Figure 3.5 Spectral characteristics of spikes. (a) Examples of multi-Gaussian
spectral fitting results for the VLA radio spectra at three different times. Blue and
red solid lines are the observed and fitted spectra. Green dashed curves are the
multiple Gaussian components used in the fitting. The TB threshold adopted for the
fitting is indicated by a horizontal dashed line. (b,c) Bandwidth and peak brightness
temperature distribution of the spikes from the fitting results. (d) Scatter plot of the
peak brightness temperature vs. bandwidth of the spikes.
distribution of the spike bandwidth, shown as a histogram in Figure 3.5(b). Similar to
the bandwidth distribution of the spike burst event shown in Chen15 (their Figure S3
in Supplementary Materials), the spikes have an asymmetric distribution that peaks
at 22 MHz (or a relative bandwidth δν/ν ≈ 2%, density fluctuation δne /ne ≈ 4%).
The brightness temperature distribution is also notably similar to that shown in
Chen15. We note, however, that the maximum brightness temperature is two orders of
magnitude greater than that reported in Chen15. It can be possibly attributed to the
much larger flare (M8.4 vs. C1.9) in which our spike bursts are observed (see, e.g., [32],
who reported that coherent radio bursts are generally brighter in larger flares), yet the
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underlying relationship is highly complex, which involves many factors, including flare
timing, shock generation, electron acceleration, and the coherent radiation processes.
Nevertheless, the very similar spectrotemporal properties to those reported in Chen15
suggest that the spike bursts are likely associated with the same emission processes.
We further derive the centroid location of the radio source at each time
and frequency pixel where the spike burst is present by using a 2D polynomial
fitting technique following Chen15.

The 2D polynomial fitting utilizes the 6

pixels surrounding the pixel where the maximum brightness is located to perform
second-order polynomial fitting in two orthogonal directions. The location of each
source centroid is found at the peak of the polynomial curves. The uncertainty of the
√
resulting centroid position is estimated by σ ≈ θFWHM /(S/N 8 ln 2) [233, 72, 54, 61],
where the signal-to-noise ratio (S/N) is the ratio of the peak flux to the rms noise
of the synthesized image where a source is not present, and θFWHM is the FWHM
of the synthesized beam. With the θFWHM = 19.′′ 9 × 14.′′ 6 at 1.6 GHz and typical
S/N values greater than 40, the accuracy of our derived source centroid position is
typically better than 1′′ .
As shown in Figure 3.3(e), at any given time, the derived centroid locations of
the spike bursts at different frequencies form a nearly linear feature with a length
of about 10′′ . This distinctive feature shows some temporal evolution and lasts for
about 70 s before it diminishes at 18:07:35 UT (see Figure 3.3(e) for snapshots at three
different times and the associated animation in the original paper). This feature shows
a slight overall movement toward the southwest direction (or a movement toward the
lower right corner in Figure 3.3), which corresponds to a gradual overall frequency
drift of the spike burst group toward lower frequencies in the dynamic spectrum
(Figure 3.3(d)). The observed features closely resemble the findings in Chen15, who
interpreted the feature as the projection of a presumably 3D termination shock front
above the flare arcades, and the overall frequency drift as the movement of the shock
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front in the loop-top region with a varying plasma density. We note, however, that
unlike the event reported in Chen15 and Chen19, this event does not show any sign
of sudden disruption of the feature or a split-band feature.
Although VLA radio imaging shows that the spike source is located away from
the flare arcades, as expected from the termination shock scenario in which the shock
front is situated above the loop tops, it is not immediately clear whether the exact
location and orientation of the spike source are consistent with the termination shock
interpretation. In the following subsection, we will take advantage of the concurrent
observations obtained by both SDO/AIA and STEREO-A/EUVI from two vantage
viewing points and establish the spatial relation between the eruption, the flare
arcades, and the SAF and downflow structures.

3.2.3

Spatial Location of Spikes Sources in Three Dimensions

Unlike the stochastic spike burst event reported in Chen15, which had a limb view, the
spike source under study here is observed against the disk. Therefore, the projection
effect renders our interpretation for the spike source in the flare context not as
straightforward as the limb event. Fortuitously, as reported by Dhakal et al. (2018)
[76], the event was recorded simultaneously by SDO/AIA and STEREO-A/EUVI
from two viewing perspectives: SDO viewed it against the disk, and STEREO-A
viewed the eruption from the limb (panels (a) and (c) in Figure 3.6, respectively).
These observations give us a unique opportunity for understanding the location of
the radio sources in a 3D flare context. In this subsection, we will first reconstruct
the geometry of the erupting filament and flare arcades using observations from two
vintage viewing perspectives. We will then place the observed spike bursts, loop-top
gyrosynchrotron radio source, and SXR source in the physical context of this eruptive
flare.
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Figure 3.6 Erupting filament structure observed by (a) SDO/AIA 131 Å (b) 304 Å
and (c) STEREO-A/EUVI 171 Å from two viewing perspectives. (a) SDO/AIA 131
Å running-difference images, with the blue dashed curves representing the eruption
front. The PIL is shown as a red curve in panels (b) and (c). Orange patches represent
the coronal dimming region detected from the SDO/AIA 211 Å base-difference image
(post-flare vs. pre-flare), which coincides with the ends of the eruption on opposite
sides of the PIL. The orange patches in panel (c) are the same dimming regions
transformed to STEREO-A/EUVI’s perspective.
Erupting Filament In Dhakal et al. (2018) [76], by using both SDO/AIA and
STEREO-A/EUVI observations, the authors suggested that the event was driven
by two preexisting filaments with a “double-decker” configuration. As observed by
SDO/AIA, the filaments were formed prior to the flare along the primary polarity
inversion line (PIL; red curve in Figure 3.6) with a northeast–southwest orientation.
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The double-decker filaments erupted successively ∼12 minutes prior to the second
GOES SXR derivative peak at ∼17:37 UT. After ∼17:30 UT, the two erupting
filaments merged together and became nearly indistinguishable from each other. The
erupting filament, seen in SDO/AIA 304 Å has a writhed shape and directs toward the
northwest (Figure 3.6(b)). The eruption is less evident in SDO/AIA 131 Å images but
can be distinguished using the running-difference imaging technique (Figure 3.6(A)).
This passband is sensitive to a much higher temperature (∼10 MK) associated with
the Fe XXI line [214], which is presumably emitted by the hot envelope of the magnetic
flux rope encompassing (and likely above) the cool filament (e.g., [52, 65]). Similar
to Dhakal et al. (2018) [76], we track the eruption front seen in SDO/AIA 131
Å, shown as blue dashed lines in Figure 3.6(a). In STEREO-A/EUVI’s limb view,
the erupting filament clearly displays a writhed morphology (Figure 3.6(c)), which
strongly suggests that it is a magnetic flux rope in nature (e.g., [143, 269]) and is
consistent with the morphology of the filament viewed from SDO/AIA.
The conjugate ends of the eruption coincide with two coronal dimming regions in
SDO/AIA 211 Å base-difference images (difference of the post- and pre-flare intensity;
orange patches in Figure 3.6) located at the opposite sides of the PIL. These twin
coronal dimmings, often observed during the eruption phase of CME-associated events
in EUV and SXR, have been interpreted as density depletions at the conjugate ends
of the expelled magnetic flux rope (e.g., [254, 298, 198, 64]). Their presence further
supports the flux rope nature of the erupting filament.

Flare Arcades The appearance of the flare arcades, as viewed by SDO/AIA
and STEREO-A/EUVI, is consistent with the geometry of the erupting filament
(Figure 3.7).

In SDO/AIA’s view, the post-flare arcades are distributed from

northeast to southwest, rooted at either side of the pre-flare filament (Figure 3.7,
middle column).

In STEREO-A/EUVI’s limb view, the same post-flare arcade
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system is projected to distribute in the north–south direction along the limb, which
is consistent with the geometry of the filament that erupted early on (Figure 3.7,
right column). According to the standard picture of eruptive solar flares in three
dimensions [15, 14, 142, 140, 141], a large-scale reconnection current sheet is present
below the erupting filament and above the post-flare arcade, driving the flare energy
release and particle acceleration [62].
During the flare energy release phase, magnetic reconnection is likely patchy
and intermittent [5]. At any given time, reconnection occurs within a localized
region, forming a newly reconnected flare arcade. Downward-propagating nonthermal
electrons propagate along the legs of the flare arcade and produce a pair of compact
HXR sources at the conjugate footpoints of the flare arcade as they bombard the
dense chromosphere. Chromospheric material heated by the electron beams and/or
thermal conduction at different times forms the observed flare ribbons at (E)UV
and/or white-light wavelengths, which are usually much more extended than the
HXR footpoint source owing to their much slower decay (see, e.g., [92, 226]).
In our event, RHESSI 30–80 keV images made during the extended energy
release phase (green and blue contours in Figures 3.7(a), (d), and (g), which
correspond to the two intervals we selected for imaging shown in the light curve in
Figure 3.2(a)) reveal multiple pairs of conjugate HXR footpoint sources distributed
along the double flare ribbons. The latter is clearly visible in SDO/AIA 1600 Å
images (inverse gray-scale background in Figure 3.7). The location and morphology
of the HXR footpoints and UV flare ribbons are consistent with the standard
flare scenario discussed above.

The flare arcade itself is filled with flare-heated

plasma, producing thermal SXR emission (RHESSI 12–15 keV; magenta contours in
Figure 3.7(e)). For further electron distribution information, we performed an X-ray
spectral analysis using the OSPEX package available in SolarSoft IDL from 18:00:35
UT to 18:03:33 UT, several minutes ahead of the spike bursts. The attenuator state
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Figure 3.7 3D reconstruction of flare arcades. (a, d) RHESSI 30–80 keV footpoint
sources at intervals 1 and 2 (17:56:08 UT– 17:58:54 UT and 18:00:35 UT–18:03:33
UT, respectively) and the concurrent SDO/AIA 1600 Å images shown in inverted gray
scale. (b, c) 3D reconstructed loop (thick orange curve) that connects the footpoint
sources and the VLA loop-top radio continuum source (orange contours) in SDO and
STEREO-A’s view. Green arrows illustrate the direction of the erupting filament (see
Figure 3.6). The spike burst is shown as red contours in panel (b). (e, f) Similar to
panels (b) and (c), but instead showing the 3D reconstructed loop (thick magenta
curve) based on the SXR arcade (magenta contours) and the HXR footpoints (blue
contours) in interval 2. The LOS of an Earth-based observer passing the spike source
in STEREO-A’s view is shown as a red dashed line. The solid portion shows the range
of the possible spike source location above the apex of the transformed SXR arcade,
with its best estimate shown as the red contours. (g) Similar to panels (a) and (d), but
includes a reconstructed post-flare arcade in SDO/AIA 193 Å and STEREO-A/EUVI
195 Å images at about 2 hr later (cyan curve). The latter is shown in panels (h) and
(i). The size of the synthesized beam is shown in lower right corner.
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within the selected time interval is A1. The pileup check results suggest a small but
non-negligible pileup effect. The background time is selected as 20:30:00–20:31:00 UT
(during RHESSI night; purple curve in Figure 3.8). The analysis is performed on front
segments of detectors 1, 3, 5, 6, 7, 8, and 9 separately. By examining the spectra from
various detectors, we suspect that there could be additional background contribution
to the counts above ∼40 keV that is unaccounted for by the nominal background
derived from the selected interval. Therefore, we restrict the fit range to 6–40 keV.
We adopt an isothermal model for the thermal plasma, a thick-target model with a
single power-law distribution for the nonthermal electrons, and a pileup component
to perform the fitting. The fit results and parameters from seven different detectors
are generally consistent. An example from detector seven is shown in Figure 3.8.
The spectral analysis suggests a thermal volume emission measure of 7.8 × 1048
cm−3 and a temperature of 19 MK (Figure 3.8). We take the 50% contour of the
12–15 keV SXR flare arcade source to estimate a source area of A ≈ 38′′ × 19′′ ≈
3.8 × 1018 cm−3 . If we take the column depth of the SXR arcade to be the same
as its width, we estimate a volume of V ≈ 5.3 × 1027 cm3 . The thermal density is
hence nth = (EMV /V )1/2 ≈ 3.8 × 1010 cm−3 , which is about two times the inferred
plasma density of the spike burst source for fundamental plasma radiation at 1.3 GHz
(2 × 1010 cm−3 ). We conclude that the density of the spike source is not inconsistent
with the flare context, particularly if a large density scale height (e.g., a typical flare
temperature of 10 MK corresponds to a hydrostatic scale height of ∼500 Mm) and/or
a localized density enhancement or compression are present at the spike burst site.
Flare-accelerated electrons are often trapped at or above the top of the flare
arcade, producing (above) loop-top HXR and/or radio sources (e.g., [104, 57]). In
this event, as already discussed in Section 3.2.2, such a loop-top radio source is also
present, likely due to gyrosynchrotron radiation from flare-accelerated nonthermal
electrons. A loop-top HXR counterpart is not detected by RHESSI. We attribute
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such a nondetection to its limited dynamic range for imaging the presumably weak
coronal source in the presence of strong footpoint HXR sources (e.g., [162]).
Both the RHESSI 12–15 keV SXR source and VLA gyrosynchrotron radio source
display an arcade shape. We adopt a semi-ellipse 3D loop modeling approach to match
the morphology of the observed SXR and radio arcade, using the HXR footpoint
sources and bright UV flare ribbon kernels as their anchoring points. Free parameters
in the 3D loop model include the major and minor axis of the ellipse a and b (with
their ratio e = a/b), the inclination angle α of the ellipse plane about the plane
perpendicular to the solar surface (a positive angle means a northward inclination),
and the rotation angle θ of the ellipse about its center (θ = 0◦ corresponds to a ellipse
with its vertices coinciding with the HXR footpoints or bright ribbon kernels). The
relation between the separation of the loop footpoints (2l) in terms of a, b, and θ is
l2 = a2 b2 /(b2 cos2 θ + a2 sin2 θ).

(3.1)

With l fixed using the observed footpoint separation, the remaining free parameters
that define the 3D semi-ellipse loop are e = a/b, the rotation angle θ, and the
inclination angle α. We adjust these parameters until each loop model in projection
(from Earth view) matches the morphology of the observed loop-top radio and SXR
arcade. The resulting best-fit semi-ellipse loops are shown as the thick orange and
magenta curve in Figures 3.7(b) and (e), respectively. The same loop models are then
projected from the viewing perspective of STEREO-A/EUVI (orange and magenta
curves in Figures 3.7(c) and (f). We will refer to the two model arcades in which
the gyrosynchrotron radio source and loop-top SXR are situated, respectively, as the
“GS radio arcade” and “SXR arcade” hereafter.

Spike Source Location The spike source, as viewed from Earth by the VLA,
is located ∼70′′ westward in projection from the top of the GS radio arcade
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(Figure 3.7(b)).

Unlike the loop-top SXR and GS radio sources that have an

arcade-like shape, the spike source is unresolved (the synthesized beam is shown
in all panels of Figure 3.7 in the center column as an ellipse). Therefore, the same
loop modeling technique described previously cannot be applied to constrain its 3D
geometry. Without further constraints, the spike source can, in principle, be located
anywhere along the line of sight (LOS) of VLA, shown as a red dashed line in
STEREO-A’s view in Figures 3.7 and 3.9. However, if we adopt the termination
shock scenario, it is reasonable to assume that the spike source is located above the
top of the flare arcade and makes the same projection angle φ as the loop top of the
GS arcade, defined as the angle between the semiminor axis of the semi-ellipse loop
model for the GS radio arcade and the plane of the sky (φ ≈ 43◦ ; shown in Figure
3.9(a)). Therefore, a displacement of d ≈ 98′′ from the center of the semi-ellipse loop
model for the GS radio arcade (marked as “o” in Figure 3.9(a)) to the spike source
in projection translates into an absolute distance D = d/ cos φ ≈ 134′′ . Knowing the
location of the spike source in 3D, we can then derive its (radial) height above the solar
surface to be h ≈ 120′′ ≈ 86 Mm. Adopting such a height, in STEREO-A/EUVI’s
view, we mark the inferred spike source location as red contours, located well above
the top of the flare arcades. The plane defined by the inferred 3D location of the
spike source and the conjugate HXR footpoints is close to the plane where the GS
radio arcade is situated, but it is tilted further toward solar south by ∼21◦ . If we
apply the same method on the SXR arcade to estimate the spike’s location, it gives
a slight difference (∼5′′ ) in the radial height of the spike source. Figure 3.9 visualizes
the 3D spatial relation among the SXR arcade, the GS radio arcade, and the location
of the spike source from different viewing perspectives.
Our 3D reconstruction results place the best estimate of the spike source location
at about ∼120′′ above the solar surface, or ∼60 Mm above the apex of the flare arcade.
This is generally consistent with the termination shock scenario, in which a shock front
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Figure 3.9 3D view of the reconstructed loops. (a, b) Reconstructed loops in SDO’s
and STEREO-A’s viewing perspective, respectively. They are identical to those in
Figure 3.7: magenta, orange, and cyan curves are for the SXR arcade, the GS radio
arcade, and the post-flare arcade at 20:15 UT, respectively. The X–Y plane is the
plane of the sky in each perspective. The Z-axis is the direction orthogonal to the X–Y
plane, i.e., the LOS of each viewing perspective. The blue curved surface represents
the solar surface. The projection angle φ discussed in the text is defined as the
angle between the line connecting the best estimate of the location of spike source
(red contours) and the plane of the sky in SDO’s view. (c, d): Detailed view of the
spike source with respect to the three reconstructed loops in a face-on and edge-on
projection. The gray surface represents the plane of the newly reconnected arcade
(cyan curve). The blue shaded bottom plane is (approximately) the solar surface,
with the origin of the X-, Y-, and Z -coordinates located at the midpoint of the radio
GS arcade (orange curve) marked as “o”. The pink surface marks the radial height
of the apex of the SXR arcade.
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is formed at the end of reconnection outflows above newly reconnected, cusp-shaped
magnetic loops (see, e.g., MHD simulations in Chen15 and Shen et al. (2018) [246]).
For this event, as viewed against the disk by SDO/AIA, these newly reconnected loops
cannot be clearly distinguished owing to the lack of column depth along the LOS.
However, it is expected that they will relax and cool down to background coronal
temperatures due to conductive and radiative cooling during the decay phase.
To look for signatures of loops formed around the time of the spike bursts, first,
we use the formula given by Cargill et al. (1995) [46] (their Equation 14(E)),
τc = 0.0235

L5/6
,
(T n)1/6

(3.2)

where T and n are the initial temperature (in K) and density (in cm−3 ) of a loop
with a half-length L (cm), to estimate the loop cooling time. For a loop half-length of
1010 cm (or 100 Mm; estimated using the distance from the spike source to the center
of the semi-ellipse model loop for the GS radio arcade D), and plasma temperature
of 20 MK, and density of 109 –1010 cm−3 typical for flare-heated newly reconnected
loops, the loop cooling time τc is estimated as ∼2–3 hr. Using this cooling time as
a guide, in Figure 3.7, we show SDO/AIA 193 Å and STEREO-A/EUVI 195 images
(differentially rotated back to 18:07 UT; the passbands are sensitive to 1–2 MK coronal
plasma; see, e.g., [135, 214]). In these images, we find multitudes of well-defined, cool
post-flare arcades. One representative semi-ellipse loop model that fits the observed
AIA and EUVI arcade features is shown as the thick cyan curve in Figures 3.7(h) and
(i). The apex of the loop is found to be present just below the best-estimate location
of the spike source, which is consistent with the scenario of freshly reconnected loops
located just beneath a termination shock front. We stress that the semi-elliptical
EUV loops shown here may only represent the already-relaxed (and cooled-down)
state of the reconnected loops after their shrinkage due to the magnetic tension force
(e.g., [231]). The newly reconnected loops themselves are usually observed to show a
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cusp shape when viewed from the side (e.g., [272, 271]), which are not visible in this
event owing to the unfavorable viewing perspective.

3.2.4

Super-Arcade Fan Structure and Plasma Downflow

In the Section 3.2.3, we have established that the spike source is likely located well
above the flare arcades visible in radio, EUV, and SXR wavelengths and, possibly,
just above freshly reconnected magnetic loops, which is consistent with the flare
termination shock interpretation. Here we discuss another important piece of evidence
that further supports this scenario: the presence of an SAF and supra-arcade plasma
downflows in the close vicinity of the spike source (or shock front). As shown in
Figure 3.10, in SDO/AIA 131 Å (panel (a)) and STEREO-A/EUVI 195 Å (panel
(b)) time-series images (both have sensitivity to 10–20 MK hot plasma [135, 214]), a
long-lasting SAF structure is seen above the flare arcades from ∼17:50 UT to ∼19:30
UT. Similar to those previously reported in other eruptive events [102, 139, 126,
229, 230, 45], such SAF structures often have a diffuse appearance with many fingershaped fine structures. Within the SAF structure, multitudes of plasma downflows
are identified at about 20 minutes after the time of the spike bursts. Figure 3.11(b)
shows a clear example of a plasma downflow in SDO/AIA 131 Å time-series images
that appeared at around 18:25 UT. In the time–distance map of Figure 3.11(c), the
speed of the downflow is found to be ∼166 km s−1 in projection, or ∼227 km s−1 if
we adopt the same projection angle of the loop-top GS arcade φ ≈ 43◦ .
Such an SAF structure is also clearly seen by STEREO-A/EUVI 195 Å with
a limb-view perspective (Figure 3.10(b)). Based on our estimate of the 3D spatial
location of the spike source discussed in the Section 3.2.3, in Figure 3.10(b), we show
the inferred location of the same spike source in the STEREO-A/EUVI 195 Å images
by applying the same projection angle φ ≈ 43◦ for each spike centroid obtained at
different frequencies. Similar to the spike location in SDO/AIA’s view, the spike
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Figure 3.10 SAF structure above the flare arcades. The SAF structure (marked as
white arrows) is observed in both SDO/AIA 131 Å (panel (a)) and STEREO-A/EUVI
195 Å (panel (b)) images from ∼17:50 to ∼19:30 UT. The spike burst source at ∼18:07
UT is also shown. The location of the spike source in STEREO-A/EUVI’s perspective
is based on 3D reconstruction results discussed in Section 3.2.3.
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Figure 3.11 Example of plasma downflows observed in SDO/AIA 131 Å images
near the spikes source. (a) Spike burst centroids at 18:07:07 UT (same as those in
Figure 3.3(e)) overlaid on AIA 131 Å. The diffuse SAF structure is indicated by white
arrows. (b) Example plasma downflow observed in the vicinity of the spike burst at
∼18:25 UT. The field of view of the AIA 131 Å time-series images is indicated by
a white box in panel (a). The images are overexposed to reveal the faint downflow
feature. Green circles mark the leading front of the downflow. (c) Time–distance
plot of the plasma downflow along the cut marked as a white line in panel (a) (the
distance starts from the location of the white dot and increases westward, or toward
the right-hand side). The speed of the downflow in projection is about 166 km s−1 .
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Figure 3.12 Example of plasma downflows observed in STEREO-A/EUVI 195 Å
images near the spikes source. (a) Spike burst location at 18:07:07 UT (same as those
in Figure 3.10(b)) overlaid on EUVI 195 Å. The diffuse SAF structure is indicated
by white arrows. (b) Example plasma downflow observed in the vicinity of the spike
burst at 19:00–19:10 UT. The field of view is indicated by a white box in panel (a).
To show the downflow feature more clearly, running-ratio images are used. Note that
although the downflows are tracked using dark moving features (green circle) in the
running-ratio images, similar to those in AIA 131 Å, they are in fact bright moving
features in the original images. The speed in projection of this downflow is ∼53
km s−1 .
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source is also located close to the top of the SAF structure. Several plasma downflow
events are also identified in STEREO-A/EUVI 195 Å running-ratio images (intensity
ratio of the current frame to the previous frame 5 minutes earlier) later into the
event. Figure 3.12(b) shows an example of such a plasma downflow event at 19:00
UT. The apparent speed of the downflow is ∼53 km s−1 in projection. Such a speed
appears much slower than those measured in SDO/AIA 131 Å images. However, we
note that the low speed is most likely due to the selection bias: the low cadence of
STEREO-A/EUVI 195 Å images (5 minutes, compared to 12 s of SDO/AIA) only
allows downflows with sufficiently slow speeds to be detected in consecutive frames.

3.3

Discussion and Summary

Here we have presented another stochastic spike burst event recorded by the VLA with
radio dynamic imaging spectroscopy. The event was observed during the extended
energy release phase of the SOL2012-03-10 M8.4 eruptive flare event, which is much
stronger than the SOL2012-03-03 C1.9 event studied by Chen15. In VLA’s vector
dynamic spectrum, the spike bursts show very similar spectrotemporal features to
those reported in Chen15, which consist of myriad highly polarized, narrowband and
short-lived spike bursts with a high radio brightness temperature of 109 K. VLA’s
dynamic spectroscopy imaging technique allows each frequency and time pixel in the
dynamic spectrum to be imaged and the corresponding source centroid to be located
with high accuracy (<1”). The centroids of the spike bursts at different frequencies
delineate a nearly linear feature, located well above the bright EUV/X-ray flare arcade
in SDO/AIA’s view against the disk.
With the aid of EUV observations from STEREO-A/EUVI from a limb-view
perspective, we reconstruct the 3D geometry of the filament eruption and the
underlying flare loops observed in EUV, SXR, and radio wavelengths. By assuming
that the spike source makes a similar projection angle to the newly formed flare arcade
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Figure 3.13 Schematic illustration of observed phenomena during the extended
energy release phase of the eruptive flare event. A filament eruption induces magnetic
reconnection in a large-scale current sheet. Downward-propagating reconnection
outflows impinge on the newly reconnected flare loops, forming a termination shock
within the SAF region where highly bent, newly reconnected magnetic field lines are
formed. The shock and the SAF are located above the radio continuum source (orange
curve), SXR arcade (magenta curve), and EUV arcade (gray curve). The observed
radio spike bursts are produced at the shock front where nonthermal electrons interact
with density fluctuations (inset on the left; after Chen15 and Chen19). Accelerated
electrons propagating downward along the flare arcade produce the conjugate HXR
footpoints and (E)UV flare ribbons. The inset on the right shows a side view of the
lower portion of the schematic.
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where a radio gyrosynchrotron source is present, we reconstruct the 3D location of
the spike source and place it well above the flare loops. In both SDO/AIA and
STEREO-A/EUVI images, we identify SAF-like structure in the close vicinity of
the spike burst source, where multitudes of plasma downflows also occur.

The

speeds of the observed plasma downflows (∼227 km s−1 after deprojection) may be
super-Alfvénic only if the magnetic field in the spike source region is sufficiently low
(≲15 G, if we take a plasma density of 2×1010 cm−3 for fundamental plasma radiation
at 1.3 GHz). We also note that the downflows are only detected in AIA images ∼18
minutes after the spike bursts when the supra-arcade structures are more discernible;
hence, it is possible that the downflows have already slowed down substantially. If the
plasma downflows at the time of the spike bursts are indeed sub-Alfvénic, it remains
an outstanding question whether the observed plasma flows are indeed signatures of
the reconnection outflows themselves that drive the termination shock or, instead, are
structures in the outflows that are substantially slower owing to, e.g., an aerodynamic
drag force [237, 184, 293].
Based on the observational evidence discussed above, we conclude that our
observations are generally consistent with the scenario proposed by Chen15: a flare
termination shock is formed at the front of reconnection outflows above the flare
arcade. The observed spike bursts are due to coherent radio emission from nonthermal
electrons in either the upstream or downstream region of the shock front. The
schematic illustration in Figure 3.13 summarizes our observations of a variety of
features in the flare reconnection picture during the extended energy release phase.
However, unlike the limb event in Chen15, this event is viewed against the disk.
Although we have demonstrated that the spike source is located well above the flare
loops in an SAF region, the exact relationship between the spike source and the flare
geometry is unclear. This is largely due to the unfavorable viewing geometry for
seeing the newly reconnected, presumably cusp-shaped field lines between the shock
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front and the flare loops (cyan curves in Figure 3.13). On the other hand, the cooling
flare loops seen 2 hr later below the spike burst location are a possible indication for
the presence of these newly reconnected field lines.
Another intriguing difference is that spatial separation between the spike source
and the loop-top SXR/radio sources in this event (∼70′′ in projection and similar
in radial height if we adopt a projection angle of 43◦ ) is much larger than the ∼8′′
separation between the spike source and the HXR loop-top source reported in Chen15.
Theoretical studies of the flare termination shock suggest that the shock occurs
above the flare arcades where there is a sharp gradient in flow speed—i.e., where
the supermagnetosonic reconnection outflows are “terminated” as they impinge on
the dense, previously reconnected plasma above the loop tops. The exact location of
the shock front, however, depends on a variety of factors, including the flare geometry,
properties of the reconnection diffusion region, and flow speeds in the shock upstream
and downstream [96]. As shown by recent numerical results in Cai et al. (2019) [45],
early in the flare the shock occurs at a relatively low position above the loop tops.
At later times into the flare, after more and more reconnected magnetic flux (and
plasma) piles up in the loop-top region, the distance between the shock front and the
loop top appears to grow significantly (see their Figure 14(f)). For our event, as the
spike bursts are observed well into the extended energy release phase (∼25 minutes
after the SXR peak), it is possible that the termination shock front is located at a
substantial distance away from the top of the flare arcades, similar to those reported
in earlier works when the radio signature was detected late in the flare (e.g., [17]).
Finally, we note that there are several unanswered questions in the interpretation of the observations in terms of the flare termination shock scenario. One
question is on why the stochastic spike bursts do not usually coincide with the
peak of the flare energy release and, in fact, are only occasionally reported within
a limited period [18, 17]. We attribute the rather uncommon appearance of these
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spikes to (a) the requirements for generating a fast-mode flare termination shock,
which may only be met in certain locations and times (not necessarily the impulsive
energy release phase) in the loop-top region, where the outflow speed exceeds the
local fast-mode magnetosonic speed (e.g., [246]), and (b) the special conditions for
producing the coherent radio emission. Chen15 suggests a linear mode conversion
mechanism due to Langmuir waves interacting with small-scale density fluctuations.
The mechanism requires (1) the excitation and nonlinear growth of Langmuir waves
and (2) the subsequent interactions with the turbulent medium. Both conditions are
not universally fulfilled throughout the shock region. The second intriguing question
is on the requirement of a localized dense region in the spike source that has a
plasma density of order 1010 cm−3 (suggested by the plasma radiation mechanism).
Although we argue that such a plasma density in the above-the-loop-top region is
not inconsistent with the flare context, it may require some additional localized
density enhancement or compression. The lack of a strong EUV emission in this
region suggests that each of the density fluctuations on the shock surface may be
too compact to have a sufficiently large differential emission measure so as to be
distinguished against the coronal background (see, e.g., Chen et al. (2013) [55] for
similar discussions on the absence of type-III-radio-burst-emitting coronal loops in
EUV images). Another question is on the apparent frequency gradient along the
shock surface (see Figure 3.3(e)), which presumably corresponds to a localized density
gradient. Such a density gradient may be attributed to the spatiotemporal variations
of the shock properties along the shock front [58]. Last but not least, as discussed
earlier, the seemingly sub-Alfvénic plasma downflows (albeit observed at much later
times) and the absence of strong modulations of the spike-centroid-illuminated shock
front, such as those reported in Chen15, both call for further investigation. For
the latter, based on MHD simulations, Shen et al. (2018) [246] suggested that the
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shock dynamics is intimately related to the details of the plasma-outflow–shock front
interactions.
In order to answer the questions above and gain a more comprehensive
understanding on the formation of the flare termination shocks and their associated
radio emission, more observations made with radio dynamic spectroscopic imaging
are required. Complementary high-resolution, high-cadence EUV/X-ray imaging and
spectroscopic observations, as well as 3D numerical simulations, are also particularly
helpful for understanding the essential physical context in the vicinity of the shock,
including SAF structures, plasma outflows, and the hot flare arcades.
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CHAPTER 4
MULTIPLE REGIONS OF NONTHERMAL QUASI-PERIODIC
PULSATIONS DURING THE IMPULSIVE PHASE OF A SOLAR
FLARE

4.1

Introduction and Scientific Motivation

Quasi-periodic pulsations (QPPs) are ubiquitous phenomena in solar flares. They
manifest as a time sequence of pulses with a quasi-periodic signature. Since the
first report of flare-related QPP event by Parks & Winckler (1969) [217], QPPs have
been observed in different wavelengths and flare phases with a variety of properties,
including periodicity, duration, and bandwidth (see recent reviews [209, 277, 192, 168,
301]). The periods of QPPs range from seconds to several minutes [151, 137, 167,
129, 130, 131, 63, 70]. Reports of QPPs with shorter, sub-second-scale periods are
relatively rare [85, 264, 297, 294], which may be attributed to the rarity of instruments
equipped with sub-second time resolution.
It has been suggested that QPPs bare important information on the flare energy
release, transport, and modulation processes. However, the exact nature of QPPs
remains under continued debate. Over fifteen different QPP models in the solar flare
picture have been proposed. In a recent review by Kupriyanova et al. (2020) [168],
they summarized the different QPP models into three categories. The first category
involves modulation of the emissions by magnetohydrodynamics (MHD) oscillations.
The second category includes models which suggest that the flare energy release (or
its efficiency) can be modulated quasi-periodically by MHD-type oscillations internal
or external to the energy release site. The third category attributes the QPPs to
emissions due to spontaneous quasi-periodic energy release processes.
While it has become increasingly clear that multiple mechanisms must be at
work to interpret the QPPs observed at different wavelengths with a variety of
properties, further insights into their origin relies on the availability of spatially,
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temporally, and spectrally resolved data at multiple wavelengths. Radio observations
provide an excellent means for studying QPPs that are intimately related to the
flare energy release processes, thanks to their sensitivity to both flare-accelerated
nonthermal electrons and heated plasma [22]. However, owing to the paucity of
simultaneous imaging and spectroscopy capabilities, the vast majority of previously
reported radio QPPs has relied on either total-power dynamic spectral data [205, 148,
112, 147, 154, 70] or imaging data at a few discrete frequencies [84, 258, 165, 47, 295].
Recently commissioned instruments, including the VLA [219], Expanded Owens
Valley Solar Array (EOVSA; [104]), Mingantu Spectral Radioheliograph (MUSER;
[291]), Murchison Widefield Array (MWA; [268]), and Low Frequency Array (LOFAR;
[278]), have enabled studies of solar radio QPPs with true dynamic imaging
spectroscopy. For example, at metric wavelengths, using spatially resolved dynamic
spectroscopy from MWA, Mohan et al. (2019) [201] identified a ∼30-second QPP
source associated with a microflare. The periodicity of the oscillation is consistent
with the Alfvén timescale in the typical coronal magnetic environment. The repetitive
behavior of the QPP is attributed to a series of reconnection events.

Shorter,

second-scale QPPs associated with metric type-III-like bursts were also observed
during the same event. Mohan et al. (2019) [202] suggested that they were likely
due to periodic particle injections from the lower corona. However, the studies at
long wavelengths are limited by the rather poor angular resolution and the strong
propagation effects of the long-wavelength radio waves traverse the corona, rendering
the interpretation rather difficult.

At higher frequencies (decimetric/microwave

wavelengths), using imaging spectroscopy data from MUSER, Chen et al. (2019)
[63] investigated a QPP event recorded during the impulsive phase of an M8.7-class
solar flare in 1.2–2 GHz. The radio QPP event, which had a ∼2-minute period,
was located near the null point of the flare with a circular ribbon geometry. It was
interpreted as plasma radiation modulated by the flare reconnection. With microwave
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imaging spectroscopy from EOVSA, Yu et al. (2020) [293] studied the quasi-periodic
radio bursts of a ∼300 s period during the post-impulsive phase of the well studied
SOL2017-09-10 X8.2 flare. The recurring thermal looptop emission and nonthermal
loopleg emission closely correlated with the repetitive plasma downflows observed
in the large-scale current sheet. They suggested that the quasi-periodic microwave
bursts were associated with electron acceleration modulated by the arrival of the
plasma downflows at the looptop region.
In this study, by utilizing the radio imaging spectroscopy technique provided
by the VLA, we report that the radio QPPs observed during the impulsive phase of
a solar flare are located at spatially distinct source regions with completely different
spectral-temporal properties. After a brief overview of the flare event in Section 4.2.1,
we will present in Section 4.2.2 detailed radio observations of the spatially, temporally,
and spectrally resolved radio sources by utilizing dynamic imaging spectroscopy. In
Section 4.2.3, we will present X-ray observations and the spectral analysis. In Section
4.3, we place the radio sources into the flare context and discuss the respective
emission mechanism for each of the observed radio sources. Finally, in Section 4.4, we
discuss the possible modulation mechanisms of each QPPs and summarize the results
in the context of the flare event.

4.2
4.2.1

Observations

Event Overview

The event under study is a GOES C1.8 class flare occurred in NOAA active region
(AR) 12501 on February 18, 2016. AR 12501 is a long-lasting active region that
has survived at least two complete solar rotations. The leading negative sunspot
and the surrounding magnetic structure forms a null-point topology with a closed
fan–dome-type structure. Mason et al. (2019) [189] reported coronal rains outlining
such a null-point topology when the AR was located at the east limb on 2016 March
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12 (one rotation later), and the following study [190] discussed a variety of successful
and failed filament eruptions hosted in the same AR.
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Figure 4.1 Overview of the SOL2016-02-18T21:13 C1.8 eruptive solar flare event.
(a) SDO/HMI line-of-sight magnetogram of the active region (grayscale background)
at 20:58 UT. The polarity inversion line is shown in red. Blue curves show NLFFF
extrapolated magnetic field lines based on the vector magnetogram, which features
a fan geometry rooted at the central negative sunspot. (b, c) SDO/AIA 193 Å and
its base-difference image of the active region at 21:24 UT. The base-difference image
(21:24 UT, post-flare vs. 21:00 UT, pre-flare) shows the twin coronal dimmings near
the conjugate footpoints of the eruption. (d)–(f) Detailed view of the core flare site
showing, respectively, the SDO/HMI line-of-sight magnetogram, double flare ribbons
as seen in SDO/AIA 1600 Å, and bright flare arcade observed in SDO/AIA 131 Å.
The field of view is indicated as a green box in (a) and (b). An animation of the
eruptive flare as seen in SDO/AIA 193 Å is available in the original paper.
The site of the flare under study (SOL2016-02-18T21:13) is located at 10◦
north and 24◦ east (in heliographic longitude and latitude) on the solar disk. The
photospheric magnetogram, obtained by the Helioseismic and Magnetic Imager (HMI;
[241]) aboard the Solar Dynamics Observatory (SDO; [220]), shows a negative sunspot
surround by positive magnetic polarities (Figure 4.1(a)). Nonlinear force-free field
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(NLFFF) extrapolations based on the SDO/HMI vector magnetogram at 20:58 UT
using the method of Wiegelmann (2004) [286] show that the magnetic topology
features a fan–spine-type geometry, which includes a spine rooted at the central
negative sunspot, as well as a fan-shaped dome connecting to the satellite magnetic
patches with positive polarity (Figure 4.1 (a)). Such a magnetic field configuration
is consistent with findings in the previous studies of the same AR [189, 190]. During
the course of the flare event, no associated coronal mass ejection (CME) is recorded
by the SOHO/LASCO white light coronagraph [114]. However, two localized EUV
coronal dimmings can be observed at both sides of the bright flare arcade as shown
by SDO/AIA 193 Å base-difference images (an example at 21:24 UT is shown in
Figure 4.1(c)), which is characteristic of two-ribbon eruptive flares (e.g., [254]).
These twin dimmings have been interpreted as the signature of the footpoints of
an erupting magnetic flux rope where a significant mass-loss is expected through
upward expanding plasma flows (e.g., [128, 267])—a scenario also supported by recent
magnetohydrodynamics (MHD) modeling results [78, 144]. In our event, one dimming
region is located near the edge of the dominant negative sunspot and the other near
the nearby positive magnetic polarity. Additionally, two bright flare ribbons also
appear in the SDO/AIA 1600 Å images (Figure 4.1(e)). They coincide with the
location of the conjugate footpoints of the flare arcade, shown in Figure 4.1(f). The
flare arcade first appeared in the 131 Å image during the impulsive phase of the flare.
Later on, it cooled down and appears in AIA bands that are sensitive to decreasing
coronal temperatures.
The GOES 1–8 Å soft X-Ray (SXR) flux starts to increase at ∼21:09 UT and
reaches its peak at ∼21:13 UT (red curve in Figure 4.2(a)). The duration of the
impulsive phase is relatively short, lasting from ∼21:08 to ∼21:15 UT (demarcated
with vertical dashed lines in Figures 4.2(a)–(d)) according to the GOES 1–8 Å
derivative shown as the green curve in Figure 4.2(a). The impulsive phase is partly
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Figure 4.2 X-ray, EUV, and radio time history of the flare. (a) Total-power GOES
soft X-ray 1.0–8.0 Å flux (red) and its derivative (green), with the impulsive phase
marked between vertical dashed lines. (b) RHESSI 6–12 keV (red) and 12–25 keV
(blue) as well as Fermi/GBM 4.5–11 keV (orange) and 11–26 keV (green) light curves.
(c) Normalized SDO/AIA EUV light curves for 94Å, 131Å, 171Å, 193Å, 211Å, and
335Å filter bands integrated over the flare arcade region (black box in Figure 4.1(f)).
(d) VLA cross-power dynamic spectrum in Stokes I obtained from the median of
several selected short baselines.
covered by the RHESSI and completely observed by the Fermi/GBM. Both RHESSI
and Fermi/GBM detected multiple X-ray bursts with a quasi-periodic pattern (Figure
4.2(b)). The HXR light curves from RHESSI and Fermi/GBM coincide with the
derivative of GOES SXR flux (Figure 4.2(a) green curve), a typical phenomenon in
the flare impulsive phase known as the Neupert effect [210, 31].
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VLA radio observations covered the period 18:59:18 UT on 2016 February 18
to 00:02:14 UT the following day. The observations were in the C configuration
with the full array of 27 antennas. The longest baseline was 3,090 m at the time of
observing, which corresponded to an angular resolution of ∼15′′ at 1.5 GHz (which
scales inversely with frequency). The observations were performed in the 1–2 GHz L
band with eight 128-MHz-wide spectral windows, each of which is further split into 64
2-MHz-wide spectral channels. It enables simultaneous imaging at 512 independent
spectral channels and in right- and left-hand circular polarizations (RCP and LCP),
respectively, with a ultra high time cadence of 0.05 s. We performed standard flux,
bandpass, and delay calibration against the standard celestial calibrator 3C48 and
gain calibration against J2130+0502. The gain changes associated with the 20-dB
solar attenuators were corrected using methods described by Chen (2013) [51].
VLA cross-power dynamic spectrum, which is obtained by doing a median of
the visibilities obtained at several short baselines, shows a strong radio QPP feature
during the flare impulsive phase (Figure 4.2(d)). In the next subsection, we will show
that, with dynamic imaging spectroscopy, the radio emission during the impulsive
phase actually includes not only the strong QPP, but also two other sources located
at two distinctively different locations.

4.2.2

Radio Imaging Spectroscopy

With dynamic imaging spectroscopy, three spatially distinct radio sources are revealed
during the flare impulsive phase. An example is shown in Figure 4.3(a). Two of them
are located close to the conjugate footpoints of the erupting flux rope: one near
the major sunspot (Source I, blue contours, made at 21:10:03.5 UT in 1.2–1.8 GHz,
RCP) and the other located near the southern ribbon (Source II, green contours,
made at 21:11:16.5UT in 1.1–1.25 GHz, LCP). The third source is located at the
top of the bright flare arcade (Source III, orange contours, made at 21:12:23.5 UT in
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1.2–1.7 GHz, Stokes I ), coinciding with the 6–11 keV X-ray looptop source observed
by RHESSI (magenta contours). In order to reveal the intrinsic spectro-temporal
properties of each source, we recall the method of generating spatially resolved
“vector” dynamic spectra: first imaging every time and spectral pixel, forming a
four-dimensional image cube, and then obtaining the peak intensity within a selected
region of interest that encompasses the source in the plane of the sky as a function of
time and frequency (e.g., [54, 61, 203]). We obtain such vector dynamic spectra for
all three radio sources, shown in Figures 4.3(b)–(d), respectively. It is evident that
their spectro-temporal properties are vastly different from each other. Their main
characteristics are listed in Table 4.1 and are discussed in the following.
Source I, which is located close to the main negative sunspot, manifests as
broadband QPPs that spread nearly the entire 1–2 GHz L band. Several bright
pulsations, which have a high brightness temperature of up to 20 MK, occur
between 21:10:00 and 21:10:35 UT. They are strongly right-hand circularly polarized,
suggesting that the emission is polarized in the sense of o-mode. The typical degree of
polarization (DOP), defined as (IR − IL )/(IR + IL ) where IR and IL are the intensity
in RCP and LCP, respectively, is 40–50%, and can reach 80% at high frequencies.
Wavelet analysis [270] of the QPPs shows that they have a period of around 5 s, with
individual pulse lasting for ∼1 s (Figure 4.4(1)).
Source II, located at the conjugate footpoint of the flux rope, consists of a few
bright (peak brightness ∼8 MK), but short lived narrowband bursts at below 1.5
GHz. The Source II bursts are completely polarized in LCP. Unlike Source I, the
bursts do not display any apparent periodicity. The sense of polarization and the
underlying magnetic field polarity are both opposite to that of Source I, indicating
that it is also polarized in the sense of o-mode.
Source III, similar to Source I, is broadband in nature. However, in stark
contrast to Sources I and II, it is weakly polarized (DOP < 10%) and considerably
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Figure 4.3 Different radio sources observed by the VLA during the flare impulsive
phase and their spatially resolved “vector” dynamic spectra. (a) Radio images for the
three observed radio sources (contour levels are 70%, 80%, and 90% of the maximum
brightness). Sources I and II are shown in RCP and LCP, respectively. Source III is
shown in Stokes I. The timing used to make the plot is marked as white arrows in
(b)–(d). Magenta contours show the RHESSI 6–11 kev X-ray source (contour levels
are 30%, 60%, and 90% of the maximum). Background is the SDO/HMI line-of-sight
magnetogram image (gray-scale) overlaid with SDO/AIA 131 Å image that shows
the bright flare arcade (blue shaded). The radio synthesized beams are shown in the
lower left corner (orange for Sources I and III at 1.5 GHz and red for Source II at
1.18 GHz). (b)–(d) Vector dynamic spectrum of the three sources by integrating over
the radio brightness over the boxes shown in (a).
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Table 4.1 Properties of the Different Radio Sources During the Impulsive Phase of
the Flare Observed by the VLA at the 1–2 GHz L Band
Source I

Source II

Source III

Location

Footpoint

Footpoint

Looptop

Peak Tb

20 MK

8 MK

2 MK

RCP, 40%–80%

LCP, > 90%

Weakly RCP, <10%

5s

N/A

25–45 s

>1 GHz

0.4 GHz

>1 GHz

∼35 s

∼25 s

>180 s

Polarization
(sense & DOP)
Period
Bandwidth
Duration

less bright (peak brightness temperature is around 2 MK). It is also the longestlasting radio source with a duration of over 3 minutes from 21:09:30 to 21:12:30
UT. According to the wavelet analysis, its periods range from 25 s to 45 s at different
frequency bands. An example of the wavelet analysis results is shown in Figure 4.4(2)
for the frequency range of 1.2–1.4 GHz. The light curve used for the wavelet analysis
has been averaged in 1 s and detrended to remove the slow-varying component (see
references [13, 118] for the discussion on the detrending method, here a window of
10 s is adopted to do the smooth estimate and subtract it from the original data for
detrending). Interestingly, Source III shares similar temporal characteristics to the
(total-power) X-ray emission during the same period, which will be discussed in the
following subsection.

4.2.3

X-Ray Observation

During the impulsive phase of the flare, quasi-periodic X-ray bursts are observed by
RHESSI and Fermi/GBM. RHESSI 6–11 keV image shows that the X-ray source is
located at the looptop region, coinciding with the VLA radio Source III (shown in
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Figure 4.4 Wavelet analysis for the two VLA radio sources that display a QPP
signature (Sources I and III). The left and right panels are for Sources I and III,
respectively. For each subplot, (a) shows the temporal profile, (b) represents the
wavelet spectrum, and (c) is the global wavelet power spectrum. The solid black
curves in (b) and dashed black curves in (c) display 95% of the significance level.
Figure 4.3(a) as magenta and orange contours, respectively). Wavelet analysis of the
detrended X-ray light curve shows a period of ∼41 s (Figure 4.5). In addition to
their spatial coincidence, the X-ray and radio looptop sources also share a temporal
correlation. At each radio frequency, a cross-correlation analysis is performed between
the VLA radio Source III light curve and the Fermi/GBM 11–26 keV light curve. The
light curves of both sources are detrended (dashed curves in Figures 4.6(b) and (c)).
The cross-correlation coefficient as a function of time lags and frequency is shown
in Figure 4.6(a). The peak of the cross-correlation coefficient lay within ±5 s, or
<1/6 of the period of the QPPs, indicating that they are nearly simultaneous. To
further demonstrate their temporal correlation, following the method used in Asai
et al. (2001) [3], we also identify every X-ray and radio pulse using a Gaussian
decomposition method. Each burst is identified along with a half-width of the local
peak shown as the shadowed area in Figures 4.6(b) and (c). A consistent check is
also performed using the original, non-detrended light curves (solid curves in Figures
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4.6(b) and (c)). As shown in the correlation plot in Figure 4.6(d), the identified
pulses from radio and X-ray show striking similarities: almost every X-ray pulse has
its counterpart in radio. Such a temporal similarity strongly suggests that the X-ray
and radio QPP are associated with the same energetic electron population [3, 117].
We note that the wavelet-derived periods of X-ray QPPs are slightly longer than that
of the radio Source III. The difference may be attributed to the lack of contribution
of the weak bursts to the wavelet analysis results (for example, the X-ray bursts
numbered 4, 7, and 10 in Figure 4.6(b)).

Figure 4.5 Wavelet analysis of Fermi/GBM 11–26 keV (left panels) and 4.5–11 keV
X-ray (right panels) light curves. The subplot layout is same as Figure 4.4. All the
light curves are detrended to remove the slow-varying component.
We also performed spectral analysis of the X-ray data using the OSPEX package.
Figures 4.7(a) and (b) show the RHESSI and Fermi/GBM flare-integrated X-ray
spectrum obtained from 21:09:44 to 21:12:12 UT. We select 21:05:00 to 21:06:00
UT prior to the flare as the background time. An isothermal fit is performed for
both RHESSI and Fermi/GBM between 6–12 keV. A clear excess of the X-ray count
flux above the thermal component is present at above 12 keV in both the RHESSI
and Fermi/GBM spectra, suggestive of the presence of a nonthermal component
of the looptop X-ray source.

However, we caution that the RHESSI spectrum
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Figure 4.6 Temporal correlation between the light curves of the VLA radio looptop
source (Source III) and the Fermi/GBM X-ray emission. (a) Cross-correlation
coefficient between the VLA Source III and Fermi/GBM 11–26 keV light curves. The
cross-correlation is calculated using the detrended VLA Source III vector dynamic
spectrum and the Fermi/GBM 11 – 26 keV flux temporal profile. The results are
normalized to unity. (b) and (c) Identification of individual radio and X-ray pulses
on Fermi/GBM 11–26 keV X-ray and VLA Source III 1.2–1.4 GHz radio light curves,
respectively (solid curves represent the original normalized light curve and dashed
curves represent the detrended light curves). The FWHM-duration of each pulse is
marked in thick bars. (d) Correlation plot between the times of the X-ray pulsations
and those of the radio pulsations. The horizontal (blue) and the vertical (red) thick
bars mark the times of the X-ray pulses and those of the radio pulses, respectively.
above 12 keV is probably affected by the pileup effect according to the results from
hsi pileup check.pro in SSWIDL. It is unclear whether Fermi/GBM also suffers from
91

102

101

A RHESSI Spectrum

B Fermi/GBM Spectrum

Detectors: NAI_03
18-Feb-2016 21:09:44 to 21:12:12 (Data-Bk)

Detectors: 1F
18-Feb-2016 21:09:44 to 21:12:12 (Data-Bk)

101

counts s-1 cm-2 keV -1

counts s-1 cm-2 keV -1

100

100

10-1

10-1

Chi-square = 1.50
vth+drm_mod
vth 0.00225,1.95,1.00
drm_mod

Chi-square = 0.84
vth 0.00215,1.75,1.00
-2

10

-2

10

10
Energy (keV)

10
Energy (keV )

Figure 4.7 RHESSI and Fermi/GBM X-ray spectra and fit results. (a) RHESSI
X-ray spectrum obtained by its detector 1 for 21:09:44–21:12:12 UT (black curve).
The isothermal fit result in the energy range of 6–12 keV is shown as green curves.
(b) Similar to (a), but showing Fermi/GBM X-ray spectrum (black curve) and the
isothermal fit result (red curve) obtained by its detector 3 for the same time interval
as RHESSI.
.
the pileup effect. Therefore, a quantitative analysis of the spectra at above 12 keV is
difficult.

4.3

Radio QPPs: Emission Mechanisms

In Sections 4.2.2 and 4.2.3, we have obtained the vector dynamic spectrum for each
radio source located at different regions in the flare. In this section, we will discuss
their emission mechanisms based on their spatial, temporal, spectral, and polarization
properties.
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4.3.1

Conjugate Footpoint Sources

As presented in Section 4.2.2, Sources I and II are located at the conjugate footpoints
of the erupting flux rope. They are highly polarized in the opposite sense. Their
relatively high brightness temperature and polarization degree are both suggestive of
a coherent emission mechanism. As introduced in Chapter 1, two coherent emission
mechanisms are usually relevant to decimetric radio bursts in solar flares: plasma
radiation and electron cyclotron maser (ECM) emission.

The former is usually

expected in the corona where νpe ≫ νB (νpe is the plasma frequency and νB is the
electron cyclotron frequency) and the latter is usually relevant in the region with a
relatively strong magnetic field which satisfies νB ≳ νpe ) [80, 22].
To evaluate the relative importance of plasma radiation and ECM emission
at the source site, we adopt the coronal magnetic field derived from the NLFFF
extrapolation results as the magnetic field model. For constraining the plasma density
distribution as a function of height, however, it is not straightforward for this event
owing to its on-disk viewing perspective. Fortuitously, the magnetic topology of the
AR shows no significant change since its first appearance on the east limb on 2016
February 13, five days before the event under study. Therefore, we use the plasma
density profiles derived using a differential emission measure (DEM) method [125]
based on SDO/AIA multi-band EUV imaging data of the limb-view AR obtain on
2016 February 13 as a proxy for our analysis. The results are shown in Figure 4.8(b).
To obtain the density from the DEM results, a uniform column depth of 30 ± 10 Mm
is assumed. The value is taken to be the same as the typical width of the coronal
loop bundles as seen in the AIA images. Further more, we derive the density profile
by taking the average of the density values in a series of transverse slices (shown in
Figure 4.8(a)) placed a different radial heights above Source I and II. The results are
shown in Figure 4.8(c) as blue and red symbols, respectively. The uncertainties of
the density values at a given height are calculated according to those from the DEM
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Figure 4.8 Coronal electron density profile of the active region derived from limb
observations on 2016 February 13. (a) SDO/AIA 171 Å image at 20:30 UT on
2016 February 13, which features a limb-view perspective of the target active region.
Column depth in generating the electron density map is taken from the coronal loop
width marked with a black line segment (∼36 Mm). (b) Electron density map derived
from DEM analysis. (c) Derived electron number density with height from regions
marked in (a) for a series of radial heights above the main negative sunspot (blue)
and the southern positive polarity (red). The blue and red curves are fit to the
DEM-derived coronal density using five and four fold of the Baumbach-Allen density
model.
results and column depth through standard error propagation methods. We then use
the Baumbach-Allen density model [28, 73]:

ne (R) = C 2.99R−16 + 1.55R−6 + 0.036R−1.5 × 108 cm−3 ,

(4.1)

where R is the radial distance from the solar center expressed in solar radius R⊙ , and
C is the scaling factor, to fit the DEM-constrained density profiles. We find that the
four- or five-fold Baumbach-Allen density model (i.e., C=4 or 5) yields the best fit to
the data (Figure 4.8(c)). In the following analysis, for simplicity, we will adopt the
five-fold Baumbach-Allen model and apply it as the general density model uniformly
across the AR (the four-fold model returns very similar results).
With both the magnetic and density model, we can now calculate the ratio of
the plasma frequency to the electron cyclotron frequency Ω = νpe /νB at any point of
interest in the corona. Figure 4.9(d) shows the distribution of Ω in a vertical plane that
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passes the centroids of radio Sources I and II near the footpoints of the erupting flux
rope. It can be clearly seen that Ω < 1, the condition favoring the ECM mechanism,
is satisfied above the sunspot region at relatively low coronal heights (≲10 Mm) owing
to its strong magnetic field. In particular, this Ω < 1 region encompasses the entire
volume where low harmonics of electron gyrofrequency is located for our observing
frequency (color contours in Figure 4.9(b), which show the first, second, and third
harmonic layers with [ν/Hz] ≈ 2.8 × 106 se [B/G], where se is the harmonic number of
the ECM emission from the source region). Hence, if radio Sources I and II are due
to ECM emission at low harmonics of the electron gyrofrequency, the local conditions
would favor the needed wave growth. In comparison, plasma radiation at the observed
frequency of 1–2 GHz requires an electron number density of 1.2–5 × 1010 cm−3 , which
corresponds to a very low height (beyond the maximum of DEM-derived electron
density, ∼ 3 × 109 cm−3 ), entering the transition region/upper chromosphere. Unless
a strong over-dense region exists in the otherwise tenuous corona (see, however, an
example reported by Chen et al. (2013) [55]), plasma radiation is deemed unlikely to
account for the observed Sources I and II.
Furthermore, the observed locations of Sources I and II are both near the
regions where the magnetic field lines converge, which is favorable for ECM emission
generated due to the loss-cone instabilities [9]. In addition, the ECM emission,
generated at low harmonics of the electron cyclotron frequency, needs to overcome
the absorption by the overlying gyroresonance layers with a magnetic field that
corresponds to a higher harmonics of the electron gyrofrequency at ν = sa νB = 2.8 ×
106 Hz sa [B/G], where sa > se is the harmonic number of the absorbing gyroresonance
layer. To investigate the absorption effect, at a given observing frequency ν, we first
locate the corresponding gyroresonance iso-gauss layers at different harmonics of sa
with a magnetic field strength that satisfies [B/G] ≈ [ν/Hz]/2.8 × 106 sa . We then
recall the equation 1.5 of optical depth τx,o (s, ν, θ) at these gyroresonance layers for
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both the x- and o-mode:
τx,o (s, ν, θ) = 0.0133

ne LB (θ) s2 s2 sin2 θ s−1
(
) Fx,o (θ)
ν
s!
2µ

(4.2)

where θ is the angle between the line of sight (LOS) and the magnetic field direction
(taking the acute angle, ranges [0◦ , 90◦ ]), LB (θ) is the scale length of the magnetic
field along the line of sight (LB (θ) = B/ dB
). Fx,o (θ) is a function of angle which can
dl
be approximated as (for low harmonics and θ away from 90◦ ):
Fx,o (θ) ≈ (1 − σcosθ)2 ,

(4.3)

where σ = ±1 for the o- and x-mode, respectively. By comparing the source location
and opacity of the gyroresonance layers at different harmonics, we conclude that the
second harmonic (se = 2) ECM emission is the most likely for the emission to escape
from the overlying gyroresonance layers with a higher harmonics (i.e., sa > 2). More
specifically, for the fundamental ECM emission (se = 1), the opacity at the second
harmonic gyroresonance layer (sa = 2) is very large at all locations above the source
site (see Figures 4.9 (e) and (f)), while for ECM at higher harmonics (se > 3), the
maser growth is much less efficient [289, 175].
We show the observed source locations (color contours) overlaid on the
second-harmonic iso-gauss layers (magenta domes) in Figures 4.10(b-d, f-g), with
the assumption that the ECM emission is produced at the second harmonic (i.e.,
se = 2, or [ν/Hz] = 2νB = 5.6 × 106 [B/G]). We show these layers at different emission
frequencies at 1.1, 1.5, and 1.9 GHz, which correspond to a magnetic field strength
of B = 196 G, 268 G, 339 G, respectively). We then “paint” the iso-gauss domes
with the calculated third-harmonic gyroresonance opacity τo,x (sa = 3) along the line
of sight using a white to blue color scale (blue means a larger opacity). The region
where τo,x (sa = 3) < 1 is rendered transparent, representing a “opacity hole.” It is
evident from Figures 4.10(b)–(d) that, for the o-mode, a large opacity hole is present
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Figure 4.9 Coronal parameters near the radio Sources I and II. (a) Context image
of radio Sources I (50% contour) and II (70% contour) overlaid on SDO/HMI LOS
magnetogram. (b) Magnetic field strength in a selected two-dimensional plane. The
bottom boundary of the plane is shown as the red line in (a) and its vertical axis is
along the line of sight. Pink, orange, and green contours represent the first, second,
and third harmonics of the electron gyrofrequency νB for a representative emission
frequency ν at 1.5 GHz, respectively (i.e., ν = se νB , where se = 1, 2, 3). (c) Similar
to (b), but showing the viewing angle θ between the local magnetic field vector and
the line of sight direction. (d) Similar to (b) and (c), but showing the distribution of
plasma-frequency-to-gyrofrequency ratio Ω = νpe /νB in the selected plane. Blue and
red regions are for Ω < 1 and Ω > 1 regions, respectively. The two shaded regions
represent the line-of-sight locations of Sources I and II (the width is the same as
the synthesized beam size shown as an orange ellipse in (a)). (e) and (f) Calculated
opacity τo,x at the first, second, and third harmonic layers for the o- and x-mode,
respectively.
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a O-mode Emissions

b O-mode 1.1 GHz

c O-mode 1.5 GHz

d O-mode 1.9 GHz

e X-mode Emissions

f X-mode 1.1 GHz

g X-mode 1.5 GHz
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Figure 4.10 (a) Radio Sources I and II o-mode emissions observed by VLA at
multiple frequencies. Color contours are 50% contours for Source I with their centroids
marked with a plus sign. Black contour is the 70% contour of Source II at 1.2 GHz.
(b)–(d) Calculated gyroresonance opacity τo,x at the third harmonic layers for 1.1
GHz, 1.5 GHz, and 1.9 GHz (i.e., ν = sa νB , where sa = 3), respectively. All panels
show the view along the line of sight. The opacity at the gyroresonance layer is colored
in blue and the region with an opacity smaller than unity is set to be transparent. The
second harmonic gyro-resonance layer is shown as a magenta surface underneath the
third harmonic layer. The observed VLA radio sources are overlaid as color contours.
(e)–(h) Same as the upper panels but for the x-mode.
at the close vicinity of the observed radio Sources I and II, allowing the o-mode ECM
emission to escape easily. In comparison, such an opacity hole is much smaller for the
x-mode as shown in Figures 4.10(f)–(h), causing most of the x-mode ECM emission
being absorbed by the overlying sa = 3 gyroresonance layer. We argue that this is
the main reason why we have observed dominating o-mode emission for the conjugate
Sources I and II from opposite magnetic polarities.
It is intriguing to note that while the northern radio Source I is broadband,
the southern Source II is narrower in frequency and shorter in duration. Although
fully understanding such a difference requires a more detailed radiation modeling, we
suggest that they may be affected by the much smaller opacity hole above Source II,
rendering the emission more difficult to escape. In addition, owing to the much smaller
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photospheric field strength at the location of Source II, ECM emission at the same
frequency is likely originated from a much smaller coronal height than Source I. The
local plasma frequency may be high enough to suppress, if not quenching, the ECM
emission. These factors may contribute to the more intermittent and narrow-band
nature of Source II.

4.3.2

Flare Arcade Source

Unlike Sources I and II, radio Source III is weakly polarized in RCP (< 10%)
with a relatively low brightness temperature (<2 MK). We extract the average
brightness temperature spectrum of the source from the VLA images made between
20:12:15–20:12:25 UT when the Sources I and II are temporally absent. The obtained
brightness temperature spectrum of full 1–2 GHz band (eight spectral windows) is
shown in Figure 4.11. The uncertainty of each brightness temperature measurement
is estimated as the root mean square variation of an empty region in the image
that contains no apparent radio source. The derived radio spectrum shows a typical
nonthermal gyrosynchrotron emission pattern with an optically thick, rising slope
at low frequencies and an optically thin, descending slope at high frequencies. To
further confirm the gyrosynchrotron nature of Source III, we perform a spectral fitting
using the fast gyrosynchrotron code [87] to calculated the model gyrosynchrotron
spectrum. The best-fit spectrum is shown as a solid curve in Figure 4.11 with
the corresponding fit parameters listed therein. We note that our spectral analysis
assume a homogeneous emission source. Giving the limited spatial resolution at
the low frequencies, Source III is likely under-resolved (see Figure 4.3(a) for beam
size versus source size), such an assumption is likely invalid. Therefore, the fit
parameters used here may not be unique and may not precisely represent the exact
properties of the source region. However, we argue that our fitting practice is sufficient
to confirm that Source III is most likely associated with gyrosynchrotron emission
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Figure 4.11 Brightness temperature spectrum of the looptop radio Source III and
gyrosynchrotron fitting results. VLA data points are selected from all eight spectral
windows spanning the 1–2 GHz L band and the black curve is the best-fit spectrum.
Also listed are the parameters of the fit spectrum, which include magnetic field
strength B, column depth D, low- and high-energy cutoff of the power-law nonthermal
electron distribution Elow and Ehigh , total nonthermal electron number density nnth
above Elow , power-law index δ ′ of the electron density distribution, total thermal
electron number density nth , and viewing angle θ. Note that since the source is
under-resolved by VLA in this frequency range, the observed spectrum likely deviates
from the assumption of a homogeneous source. Hence the fit parameters should be
treated as representative values.
.
generated by flare-accelerated nonthermal electrons at the looptop. We note that the
gyrosynchrotron nature of Source III is further corroborated by its presence at the
location of the flare arcade in the close vicinity of a looptop X-ray source observed
by RHESSI, shown in Figure 4.3(a).

4.4

Discussion and Conclusions

In this chapter, we have reported radio and X-ray sources observed during the
impulsive phase of a C1.8 flare on 2016 February 18.
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VLA’s radio imaging

spectroscopy capability allows us to identify the radio source as three spatially distinct
sources. Radio Source I is located close to the main negative sunspot near the
northern footpoint of the erupting magnetic flux rope. Radio Source II is present
near the conjugate southern footpoint of the flux rope above a positive magnetic
polarity. They both have a strong polarization with opposite senses, suggestive of
o-mode radiation. Source III, unlike Sources I and II, is weakly polarized and less
bright. It shares a similar spatial location with a RHESSI X-ray source at the top of
the flare arcade.
We then investigate the emission mechanism responsible for the different radio
sources based on their location, polarization, and spectral properties.

NLFFF

extrapolation is performed to construct the magnetic field strength and direction
in the AR. By comparing with the plasma frequency using a DEM-derived density
model, we argue that Sources I and II are likely due to the coherent ECM emission.
In addition, the sense of polarization (in o-mode) is consistent with the gyroresonance
opacity above the two sources. For radio Source III, we performed spectral analysis
and concluded that it is likely due to incoherent gyrosynchrotron emission from
flare-accelerated nonthermal electrons trapped in the looptop region.

The same

energetic electrons are likely responsible for the presence of the X-ray looptop source,
which shares a similar spatial location and has a close temporal correlation to this
radio source. Two of the broadband radio sources—Sources I and III—exhibit a
quasi-periodic pattern. In the following, we will discuss their oscillation mechanisms.
Radio Source I has a relatively short period of ∼5.2 seconds. We have shown
that it is most likely associated with the coherent ECM emission driven by nonthermal
electrons. Owing to the complex emission processes that involve electron injection,
nonlinear wave growth, and conversion, the modulation of the emission could occur
in any stage. As introduced in Section 4.1, MHD oscillations are one of the plausible
drivers of the QPP. Sausage mode MHD oscillation in coronal condition have been
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suggested to be responsible for second- to ten-second-scale QPP events [11, 204, 276,
294, 47]. The period of such oscillation is [207]:
a
Psau ≲ 2.62 p 2
,
vA + c2s

(4.4)

where a is the coronal loop cross-section radius, vA is the Alfvén speed and cs is the
sound speed. In this event, we have shown that the source region has a relatively
strong magnetic field strength (179–357 G). With a plasma density of 5 × 108 –5 × 109
cm−3 , the observed period of 5.2 s of Source I requires a magnetic tube with a radius
of 10–61 Mm to host the oscillations, which is comparable with the cross-section
of the EUV loop bundles as observed by SDO/AIA (Figure 4.8). Other types of
MHD oscillation such as the kink mode usually have much longer periods than those
reported here [301].
For short-period QPPs associated with coherent radio emissions, another
candidate is self-organized wave-wave or wave-particle interactions [7, 91, 159, 59].
The periodicity arises as the system tries to balance itself between wave growth
and wave-particle diffusion. The oscillation periods can be estimated as τp =
p
2π τgrowth × |τdif f | when the system is close to the steady state [7]. Here τgrowth and
τdif f are characteristic times for wave growth and diffusion, respectively. Although we
do not have sufficient information to constrain these time scales, the observed period
falls into a plausible range in coronal conditions [6, 170].
Quasi-periodic injections of energetic electrons into the magnetic trap is another
possibility. Freshly injected particles can temporally fill up the loss cone to reduce
the instability for the ECM wave growth, which can subsequently reduce, or even
quench, the ECM emission [296, 34, 91, 60]. This process will lead to a quasi-periodic
modulation of the emission intensity, and may account for the observed QPP behavior
of radio Source I. However, despite having an ultra-high time resolution of 0.05 s, we
did not detect any frequency drift in the Source I pulses, which is a typical feature
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of the injection of fast electron beams in the dynamic spectrum. Assuming ECM
emission, the expected frequency drift can be written as: |ν̇| /ν = vb /LB , where vb is
the speed of the injected electron beams and LB = −B/∇B is the scale height of the
magnetic field. We take the average scale height LB of ∼10 Mm in the vicinity of the
second harmonic gyroresonance layer above Source I. Assuming vb = 0.1–0.5c (typical
for electron beams that produce type III radio bursts [232]), the expected frequency
drift rate is |ν̇| /ν ≈ 3–15 s−1 . Therefore, the time delay for the ECM emission to
traverse the 1–2 GHz band is expected to be ∆t = 0.05–0.23 s, which should have
been detected by the VLA with a time resolution of 0.05 s, unless the electron beams
have much larger speeds than those typically expected to drive the type III radio
bursts (however, there exists a few cases [224, 150, 61] in which ≳0.5c electron beams
are implied). For such a reason, we suggest that the repetitive injection of electron
beams for the cause of the Source I QPPs is deemed unlikely.
Different from the radio Source I QPPs, radio Source III and the looptop
X-ray source share a longer period of ∼25–45 s. In Section 4.3.2, we have shown
they coincide spatially and have a close time correlation, suggesting they are likely
associated with the same trapped energetic electron population. Radio and X-ray
QPPs with relatively longer periods are usually suggested to be associated with local
MHD oscillations [208, 205], periodic injections of nonthermal electrons [169, 167, 70],
or periodic energy release or electron acceleration [4, 3]. Fleishman et al. (2008)
[84] conducted a detailed investigation of the two models and compares their results
using the observed radio and HXR emission properties including the spectral index
and polarization. They concluded that the injection of nonthermal electrons, which
leads to the variation of electron distribution instead of the magnetic field, was the
more likely cause of the observed QPPs. On the other hand, the modulation of the
looptop emission can also be owing to the modulation of local electron acceleration
at the looptop region. Yu et al. (2020) [293] reported periodic impulsive looptop
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Figure 4.12 Schematic diagram of the observations and a possible scenario of the
physical processes that drives the observed QPP phenomena. An erupting magnetic
flux rope led to magnetic reconnection in a current sheet as in the standard flare
scenario. Nonthermal electrons that gain access to the erupting flux rope through
reconnection can travel along the field line to the conjugate footpoints of the flux rope.
These regions are unstable to ECM wave growth thanks to the presence of a loss-conetype configuration and a favorable νpe /νB < 1 condition, producing the observed
coherent radio Sources I and II. Meanwhile, nonthermal electrons trapped in the
looptop region produce X-ray bremsstrahlung and incoherent radio gyrosynchrotron
emission, observed as a RHESSI looptop X-ray source and VLA radio Source III,
respectively. Modulation of the intensities of the spatially distinct sources may be
due to different drivers, resulting in the observed QPPs with a variety of periodicities.
X-ray and microwave emission and demonstrated their close correlation with sun-ward
plasma outflows. They suggest repetitive outflows can transport the released energy to
accelerate the electrons in the looptop region. In addition, the looptop oscillations can
be related to the “magnetic tuning fork” mechanism, driven by reconnection outflows
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impinging upon the loops below and creating an oscillating horn-shaped magnetic field
structure [262, 230]. In our event, although complementary information from X-ray
and radio imaging and spectroscopy (Figures 4.7 and 4.11) has helped us identify
the location and timing correlation as well as their underlying emission mechanisms,
due to, in part, the pileup effect in the X-ray data, detailed spectral analysis of the
nonthermal component is not possible. Also, as we discussed in Section 4.3.2, the
spectral fitting for the radio looptop source is limited by the angular resolution and
the frequency bandwidth of the radio instrument, which hampers us from obtaining
more accurate constraints for the source parameters. Therefore, our data do not allow
us to explicitly distinguish the different oscillation scenarios.
Although the observed QPPs at the flux rope footpoint and the looptop can be
due to a variety of mechanisms, an outstanding question is whether or not these QPPs
can be explained by a common driver. We argue that it is unlikely the case because
the periodicities of the observed QPPs differ by a factor of six to eight. Therefore, at
least one, if not all, of the spatially distinct QPPs should result from oscillations in
the local source rather than driven by a common external mechanism (e.g., periodic
injections of electrons from the reconnection region).
To summarize, we propose a possible scenario summarizing the observations,
illustrated in Figure 4.12.

First, magnetic reconnection in a current sheet is

induced by the eruption of a magnetic flux rope. Energetic electrons are accelerated
at the reconnection site or, perhaps more likely, in the above-the-looptop region
(e.g., [57]). According to the scenario depicted by Chen et al. (2020) [62], some
upward-propagating nonthermal electrons can gain access to the erupting flux rope,
possibly following the freshly reconnected magnetic field lines that join the flux rope,
and then propagate downward toward the conjugate footpoints of the flux rope. The
magnetic configuration near the flux rope footpoints features strongly converging
magnetic field lines, and is favorable for developing a loss-cone-type distribution to
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generate coherent ECM emission through a non-linear growth of o- and x-mode waves.
The loss-cone distribution in the ECM-unstable region may be modulated by either
wave-particle relaxation oscillation or the fast-mode sausage oscillation. The opacity
above the magnetic polarities at the flux rope footpoints allows o-mode to escape much
more easily, which contributes, in part, to the strongly polarized o-mode emission at
both locations. At the flare reconnection current sheet, nonthermal electrons are
trapped at the top of the flare arcade. They generate incoherent gyrosynchrotron
radio emission and X-ray bremsstrahlung emission, which are observed by VLA
and RHESSI as the radio Source III and X-ray looptop source, respectively. A
quasi-periodic electron acceleration/injection or modulations of the looptop region
can give rise to the observed QPP signatures of the looptop radio and X-ray source.
However, because the periodicities of the looptop sources and the footpoint sources
are vastly different, they cannot be explained by a single modulation mechanism.
Instead, it must involve multiple mechanisms which operate in different magnetic
loop systems and at different periods.
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CHAPTER 5
SUMMARY AND FUTURE WORK

5.1

Summary

This dissertation aims for an improved understanding of energy release during solar
flares. The significance of solar flare studies has been introduced in Chapter 1.
Chapter 1 has also presented the observational features of solar flares and associated
theories. Then I reviewed different kinds of radio emissions as unique diagnostics for
flare energy release and outlined some outstanding unsolved questions. Chapter 2 has
included a brief introduction to the various instruments used in this dissertation and
their data products. I have also briefly introduced the tools and analytical methods
in that chapter.
In Chapters 3 and 4, I have presented two main studies of flare events observed
by the VLA with radio imaging spectroscopy. The first study in Chapter 3 reports
the stochastic spike bursts during the gradual phase of an M8.4 flare on 2012 March
10. Using the spatially resolved vector dynamic spectrum method, we find that the
observed features are similar to those reported by Chen et al. (2015) [54], which
attributed the bursts to emission at the front of a fast-mode termination shock above
the top of the flaring arcade. In this event, to constrain the spatial location of spikes in
the presence of projection effects, we reconstruct the three-dimensional flare arcade
geometry by taking advantage of observations made by SDO/AIA and STEREOA/EUVI from two different vantage viewing points. Combined with the X-ray and
radio sources, we successfully place the spike burst source above the flare arcade.
Furthermore, the plasma downflows in the close vicinity of the radio source, although
∼20 minutes later, are observed. The spatial location, morphology, and associated
features of the spikes bursts are all consistent with the scenario in which the spike
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bursts are generated by energetic electrons near the fast-mode termination shock via
plasma radiation.
The main results of our second study have been discussed in Chapter 4. We
have reported nonthermal radio and X-ray QPPs in multiple regions observed during
the impulsive phase of a C1.8 class flare. Radio spectral imaging has allowed us to
separate the concurrent complex radio emissions into three spatially distinct regions.
Two sources (Source I and II) have been located at the conjugate footpoints of an
erupting magnetic flux rope, both of which are strongly polarized in the sense of
o mode. Source I, which has a broader band and longer duration than Source II,
displays a periodic pattern. The weakly polarized Source III, located in the looptop
region, spatially coincides with the looptop X-ray source. Moreover, we note that
the broadband radio Source III and the looptop X-ray source share a similar periodic
pattern. Furthermore, based on spectral analysis within the plasma context of the
source region, we identify the emission mechanism for each radio source. Source I and
II have a strong polarization and relatively high brightness temperature, suggesting
coherent emissions. We examine the ratio of the plasma frequency to the electron
cyclotron frequency Ω = νpe /νB and conclude that the source site favors the coherent
ECM emission conditions. We also demonstrate that the detectability of these sources
by exploring the gyroresonance absorption. On the other hand, we note that radio
looptop source is likely due to the incoherent gyrosynchrotron emission associated
with nonthermal electrons. The close temporal correlation between looptop radio
and X-ray emission suggests they are likely associated with the same trapped electron
distribution. The modulation mechanisms are also discussed for the broadband radio
and X-ray QPPs. The short periodicity (∼5.2 seconds) of radio Source I QPP is
consistent with the fast-mode sausage or self-organized wave-particle oscillation in
coronal conditions. In comparison, the repetitive looptop emissions with a longer
period (25–45 s) are more likely associated with the modulation of local acceleration.
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Owing to the significant difference between QPPs of different regions, we suggest they
are likely associated with distinct modulation mechanisms.

5.2

Future Endeavors

Previously, the investigation of decimetric radio bursts, which have long been
recognized as outstanding probes for flare energy release processes, has been limited
by insufficient frequency coverage or temporal, spectral, or spatial resolution. In
comparison, the new-generation solar radio telescope array, such as the VLA utilized
in this dissertation, provides brand new insights into the physical nature of those
emissions, which in turn, have demonstrated their power in studying flare energy
release.

In this dissertation, I have shown two completed studies using VLA’s

broadband imaging spectroscopy observations. VLA has observed more intriguing
bursts that are of interest in this regard. One outstanding example is the solar
zebra-pattern bursts, a fine structure believed to have coherent nature [172, 66]. It
has been argued that the zebra-pattern bursts are associated with energetic electrons
trapped in the post-reconnection flare loops, and can be used as a potential tool
to measure the coronal magnetic field strength and its spatial variation in these
loops. However, the exact mechanism is still under heated debate. To date, more
than 7 theoretical models have been proposed. Verification of these models requires
spatially, spectrally, and temporally resolved observations to pinpoint the location of
each individual spectral component (or “stripes”) and track their temporal variation.
Studies based on such observations have been elusive in the literature. A breakthrough
was reported by Chen et al. (2011) [53] using interferometric data from the FASR
System Testbed (FST) with high temporal and spectral resolution. Based on these
observations, the double plasma resonance model was favored. However, imaging
was not possible at the time as FST only had three baselines. VLA has observed at
least two events that feature such zebra-pattern bursts. I plan to investigate these
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events with VLA data with full dynamic imaging spectroscopy. The aim is to examine
and confirm earlier results to find out if they can indeed be explained by the double
plasma resonance. At the same time, I would like to propose new observations to study
more such events, as the study of a single or few events may lead to an incomplete
conclusion.
Moreover, I would like to carry out further studies on the solar flare termination
shock based on observations and numerical simulations. I will focus on the cusp region
where the fast plasma flows impinge upon the dense flare arcade. In a new study, using
new 3D numerical simulations, the region is found to be highly dynamic and hosts
a plethora of phenomena, including highly fragmentary shocks [245]. I would like to
utilize the 3D simulation results to produce synthetic emissions to compare with the
observations. I also would like to investigate the evolution of physical parameters,
the formation and disruption of shock, and the relevant particle acceleration.
In addition, for studies of coherent decimetric radio bursts, I have used a
temporal resolution of 50 ms.

Although it is already outstanding compared to

many previous studies, it still cannot fully resolve some observed bursts.

Thus

we are exploring VLA solar observations with an even higher temporal resolution
(we have recently succeeded in observing with a cadence of 10 ms). Further, the
spectral information is somehow limited by a single frequency band being used in
my dissertation study (i.e., the 1–2 GHz L band).

We have successfully made

sub-array solar observations on L and S bands simultaneously. The lower frequency
channels, i.e., the P-band data, are also being investigated. However, such broadband,
ultra-high time-resolution observing modes will result in an extremely large amount
of data. For example, over a billion independent images can be made from merely
one hour of observing. Therefore, more efficient analysis for such data requires the
development of a semi-automatic imaging and analysis pipeline, which I am interested
in exploring in the near future.
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Last but not least, I am also interested in expanding my studies into the
microwave frequency domain using broadband dynamic imaging spectroscopy. Such
data are already provided by Expand Owens Valley Solar Array (EOVSA; [104]).
The microwave bursts during flares, which are more likely associated with incoherent
emissions, serve as diagnostics of the physical condition of the flare site.

In

the dissertation, spectral analysis based on gyrosynchrotron diagnostics has been
performed but is somehow limited due to the inadequate frequency coverage. Despite
having a lower time cadence of 1 s, EOVSA offers a wide frequency coverage from 1–18
GHz, which would be more suitable for such studies. We are also paying particular
attention to the next-generation Frequency Agile Solar Radiotelescope (FASR; [21])
project. The combined studies of radio and new X-ray observations are also of interest
to me. In the immediate future, I would like to combine the radio studies with X-ray
analysis based on observations obtained by the Spectrometer Telescope for Imaging
X-rays (STIX; [164]) on Solar Orbiter [206] and Focusing Optics X-ray Solar Imager
(FOXSI; [163]).
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Pulsations with Varying Period in Multi-Wavelength Observations of an Xclass Flare. The Astrophysical Journal, 791(1):44, Aug. 2014.
[138] J. D. Hunter. Matplotlib: A 2D Graphics Environment. Computing in Science and
Engineering, 9(3):90–95, May 2007.
[139] D. E. Innes, L. J. Guo, A. Bhattacharjee, Y. M. Huang, and D. Schmit. Observations
of Supra-arcade Fans: Instabilities at the Head of Reconnection Jets. The
Astrophysical Journal, 796(1):27, Nov 2014.
[140] M. Janvier, G. Aulanier, V. Bommier, B. Schmieder, P. Démoulin, and E. Pariat.
Electric Currents in Flare Ribbons: Observations and Three-dimensional
Standard Model. The Astrophysical Journal, 788(1):60, June 2014.
[141] M. Janvier, G. Aulanier, and P. Démoulin. From Coronal Observations to MHD
Simulations, the Building Blocks for 3D Models of Solar Flares (Invited
Review). Solar Physics, 290(12):3425–3456, Dec. 2015.
[142] M. Janvier, G. Aulanier, E. Pariat, and P. Démoulin. The Standard Flare Model in
Three Dimensions. III. Slip-Running Reconnection Properties. Astronomy &
Astrophysics, 555:A77, July 2013.
[143] H. Ji, H. Wang, E. J. Schmahl, Y. J. Moon, and Y. Jiang. Observations of the Failed
Eruption of a Filament. The Astrophysical Journal Letters, 595(2):L135–L138,
Oct 2003.
[144] M. Jin, M. C. M. Cheung, M. L. DeRosa, N. V. Nitta, and C. J. Schrijver. Coronal
Mass Ejections and Dimmings: A Comparative Study Using MHD Simulations
and SDO Observations. The Astrophysical Journal, 928(2):154, Apr. 2022.

122

[145] M. L. Kaiser, T. A. Kucera, J. M. Davila, O. C. St. Cyr, M. Guhathakurta, and
E. Christian. The STEREO Mission: An Introduction. Space Science Reviews,
136(1-4):5–16, Apr. 2008.
[146] S. R. Kane. Spatial Structure of High Energy Photon Sources in Solar Flares. Solar
Physics, 86(1-2):355–365, July 1983.
[147] K. Kaneda, H. Misawa, K. Iwai, S. Masuda, F. Tsuchiya, Y. Katoh, and T. Obara.
Detection of Propagating Fast Sausage Waves through Detailed Analysis of
a Zebra-pattern Fine Structure in a Solar Radio Burst. The Astrophysical
Journal Letters, 855(2):L29, Mar. 2018.
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Oscillations in Solar Type III Radio Burst Sources. The Astrophysical Journal,
875(2):98, Apr. 2019.
[203] A. Mohan and D. Oberoi. 4D Data Cubes from Radio-Interferometric Spectroscopic
Snapshot Imaging. Solar Physics, 292(11):168, Nov 2017.
[204] R. J. Morton, R. Erdélyi, D. B. Jess, and M. Mathioudakis. Observations of Sausage
Modes in Magnetic Pores. The Astrophysical Journal Letters, 729(2):L18, Mar.
2011.

127

[205] G. Mossessian and G. D. Fleishman. Modeling of Gyrosynchrotron Radio Emission
Pulsations Produced by Magnetohydrodynamic Loop Oscillations in Solar
Flares. The Astrophysical Journal, 748(2):140, Apr. 2012.
[206] D. Müller, O. C. St. Cyr, I. Zouganelis, H. R. Gilbert, R. Marsden, T. NievesChinchilla, E. Antonucci, F. Auchère, D. Berghmans, T. S. Horbury, R. A.
Howard, S. Krucker, M. Maksimovic, C. J. Owen, P. Rochus, J. RodriguezPacheco, M. Romoli, S. K. Solanki, R. Bruno, M. Carlsson, A. Fludra,
L. Harra, D. M. Hassler, S. Livi, P. Louarn, H. Peter, U. Schühle, L. Teriaca,
J. C. del Toro Iniesta, R. F. Wimmer-Schweingruber, E. Marsch, M. Velli,
A. De Groof, A. Walsh, and D. Williams. The Solar Orbiter Mission: Science
Overview. Astronomy & Astrophysics, 642:A1, Oct. 2020.
[207] V. M. Nakariakov, C. Hornsey, and V. F. Melnikov. Sausage Oscillations of Coronal
Plasma Structures. The Astrophysical Journal, 761(2):134, Dec. 2012.
[208] V. M. Nakariakov and V. F. Melnikov. Modulation of Gyrosynchrotron Emission in
Solar and Stellar Flares by Slow Magnetoacoustic Oscillations. Astronomy &
Astrophysics, 446(3):1151–1156, Feb. 2006.
[209] V. M. Nakariakov and V. F. Melnikov. Quasi-Periodic Pulsations in Solar Flares.
Space Science Reviews, 149(1-4):119–151, Dec 2009.
[210] W. M. Neupert. Comparison of Solar X-Ray Line Emission with Microwave Emission
during Flares. The Astrophysical Journal Letters, 153:L59, July 1968.
[211] M. Newville, T. Stensitzki, D. B. Allen, M. Rawlik, A. Ingargiola, and A. Nelson.
Lmfit: Non-Linear Least-Square Minimization and Curve-Fitting for Python.
Astrophysics Source Code Library, record ascl:1606.014, June 2016.
[212] N. Nishizuka and K. Shibata. Fermi Acceleration in Plasmoids Interacting with Fast
Shocks of Reconnection via Fractal Reconnection. Physical Review Letters,
110(5):051101, Feb 2013.
[213] G. M. Nita, G. D. Fleishman, A. A. Kuznetsov, E. P. Kontar, and D. E. Gary.
Three-dimensional Radio and X-Ray Modeling and Data Analysis Software:
Revealing Flare Complexity. The Astrophysical Journal, 799(2):236, Feb. 2015.
[214] B. O’Dwyer, G. Del Zanna, H. E. Mason, M. A. Weber, and D. Tripathi. SDO/AIA
Response to Coronal Hole, Quiet Sun, Active Region, and Flare Plasma.
Astronomy & Astrophysics, 521:A21, Oct 2010.
[215] G. Paesold, A. O. Benz, K. L. Klein, and N. Vilmer. Spatial Analysis of Solar
Type III Events Associated with Narrow Band Spikes at Metric Wavelengths.
Astronomy & Astrophysics, 371:333–342, May 2001.
[216] J. Park, C. Ren, J. C. Workman, and E. G. Blackman. Particle-in-cell Simulations
of Particle Energization via Shock Drift Acceleration from Low Mach Number
Quasi-perpendicular Shocks in Solar Flares. The Astrophysical Journal,
765(2):147, Mar 2013.
[217] G. K. Parks and J. R. Winckler. Sixteen-Second Periodic Pulsations Observed in the
Correlated Microwave and Energetic X-Ray Emission from a Solar Flare. The
Astrophysical Journal Letters, 155:L117, Feb. 1969.

128

[218] S. Patsourakos, M. K. Georgoulis, A. Vourlidas, A. Nindos, T. Sarris,
G. Anagnostopoulos, A. Anastasiadis, G. Chintzoglou, I. A. Daglis,
C. Gontikakis, N. Hatzigeorgiu, A. C. Iliopoulos, C. Katsavrias,
A. Kouloumvakos, K. Moraitis, T. Nieves-Chinchilla, G. Pavlos,
D. Sarafopoulos, P. Syntelis, C. Tsironis, K. Tziotziou, I. I. Vogiatzis,
G. Balasis, M. Georgiou, L. P. Karakatsanis, O. E. Malandraki,
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